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Preface

Alternative crops are cultural as well as newly bred crop species that replace, extend and
complement the existing range of crops and contribute to broaden the spectrum of plant
production. Basically, it is either a reintroduction of crops that have been previously culti‐
vated but which, due to lower yields, quality, changes in technology or dietary habits was
their cultivation reduced or discontinued altogether (e.g., Sorghum). The second group is
the newly introduced crops – this is the second successful economic exploitation in other
areas of the world. The main advantages of alternative crops include increased food diversi‐
ty, but also the expansion of market opportunities for farmers.

Alternative cropping systems may represent an innovative approach to growing certain
crops. General aim is to use different approach for the production of high quality of food.
Approaches to growing plants may be different. It could be to minimize the negative impact
of farming on the environment. On the other hand, it may be highly sophisticated system of
cultivation such as hydroponics.

The book contains eight chapters written by acknowledged experts, providing comprehen‐
sive information on all aspects of alternative crops and cropping systems. The book is divid‐
ed into two parts: alternative crops and alternative cropping systems. In the book there are
chapters oriented towards sorghum and ulva growing and use. In the second part, there are
chapters oriented to tomato production, rice production or herbicide and cover crop residue
integration. Researchers, teachers and students in the agricultural field, in particular, will
find this book to be of immense use.

The goal was to write a book where as many different existing studies as possible could be
presented in a single volume, making it easy for the reader to compare methods, results and
conclusions. As a result, studies from countries such as South Africa, Zimbabwe, Poland,
The Czech Republic, Mexico and Japan have been compiled into one book. I believe that the
opportunity to compare results and conclusions from different countries and continents will
create a new perspective in alternative crops and cropping systems. I hope that our book
will help researchers and students all over the world to attain new and interesting results in
the field of alternative crops and cropping systems.

Dr. Petr Konvalina
Faculty of Agriculture

University of South Bohemia in České Budějovice
České Budějovice

Czech Republic
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Chapter 1

Sorghum and Foxtail Millet—Promising Crops for the
Changing Climate in Central Europe

Jiří Hermuth, Dagmar Janovská,
Petra Hlásná Čepková, Sergej Usťak,
Zdeněk Strašil and Zdislava Dvořáková

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62642

Abstract

Climate change is connected to many undesirable aspects which may strongly affect
agricultural production in the future, not only in the Czech Republic but also in other
countries in Central Europe. The most serious risks with the main impacts on agricultur‐
al production are the frequency and intensity of occurrence of extreme events. Prob‐
lems caused by drought and its impact on agricultural production are starting to be serious
and urgent. One of the solutions is using the drought-tolerant/resistant species and/or
varieties more adaptable to water stress. Sorghum and foxtail millet might be the solution
for Czech conditions. They can provide good yields even in dry periods. This study
discusses grain quality of foxtail millet and biomass quality in the case of sorghum. In
addition, the benefits of cultivation of these two species and current knowledge from a
scientific point of view are summarised here.

Keywords: sorghum, foxtail millet, genetic resources, alternative crops, biomass pro‐
duction

1. Current situation

Climate change is connected to many undesirable aspects which may strongly affect agricul‐
tural production in the future, not only in the Czech Republic but also in other countries in
Central Europe. The main signs of these changes are a lack of water, extreme fluctuation of
weather, movement of vegetation, and floods. The most serious risks are then the frequency
and intensity of occurrence of extreme events. The main impacts on agricultural production are

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



declines in yield, increased crop failure, change in the geographical distribution of some plant
species, the occurrence of invasive species, thermophilic diseases and pests, etc. Problems caused
by drought and its impact on agricultural production are starting to be serious and urgent. In
the Czech Republic, the most outstanding period of drought was recorded in 2012. In the region
of South Moravia (part of the Czech Republic), the yield of winter wheat was lower by 22.8% in
comparison with 2011. Czech agriculture faced a similar situation in 2015. Because these
situations may repeat in the future as well, the Agrarian Chamber of the Czech Republic and
the Ministry of Agriculture issued a recommendation and long-term system actions leading to
the involvement of the state in solving these situations in the future. One of the recommenda‐
tions is using non-technical measures, such as breeding and selection of drought resistant species
and varieties more adaptable to water stress and more resistant to changing climate conditions.

Sorghum and foxtail millet might be the solution for Czech conditions. Research on the
suitability of both mentioned species in the Czech Republic has been carried out at the Crop
Research Institute (CRI) since the 1990s. The main aim is to evaluate and select suitable
genotypes of sorghum and foxtail millet for human consumption, which may be an alternative
to grain and for biomass production for arid areas of the Czech Republic as well as other
countries in Central Europe. Both of these crops belong to the C4 species, which can better
manage water through photosynthesis. They can provide good yields even in dry periods. This
study discusses grain quality of foxtail millet and biomass quality in the case of sorghum. In
addition, the benefits of cultivation of these two species and current knowledge from a
scientific point of view are summarised here.

The group of millets refers to a number of different species such as Panicum miliaceum L.,
Pennisetum glaucum (L.) R.Br., Setaria italica (L.) P. Beauv. [1] early together with sorghum
(Sorghum bicolor L.), and even maize (Zea mays L.). Millets and sorghum belong to the oldest
cultivated crops, which have been very important staples and ethnobotanical crops in the semi-
arid tropics of Asia and Africa for centuries [2, 3]. The millets and sorghum are various grass
crops that are harvested for human food, animal feed, and medicinal purposes [4]. Sorghum
is the fifth most important cereal in the world after wheat, rice, maize, and barley. Some 49
and 55% of the world's millet and sorghum cultivation areas, respectively, are in Africa. In
India, millet is said to constitute the fourth most commonly grown cereal, following rice, wheat,
and sorghum [5]. Although sorghum and millets account for about the same total production
as maize, they account for nearly twice the cultivated area [1].

Foxtail millet and sorghum are high energy [6], nutritionally equivalent or superior to other
cereals [7], and do not contain gluten-forming proteins. Sorghum is also a potentially important
source of nutraceuticals such as antioxidants, phenolics, and cholesterol-lowering waxes [8].
Foxtail millet and sorghum play a significant role in food security for developing countries in
Asia and Africa and also play a growing role in processing and new alternative products for
the developed world [7]. They are of value especially in semiarid regions because of their short
growing season and higher productivity under conditions where another cereal crops may fail
[9]. Compared to other cereals, millets are mainly suited to less fertile soils and poorer growing
conditions, such as intense heat and low rainfall [4, 9].

Alternative Crops and Cropping Systems4



2. Introduction

2.1. Foxtail millet

Foxtail millet [Setaria italica (L.) P. Beauv.] is one of the oldest cereals in Eurasia [10], grown
since 5000 BC in China and 3000 BC in Europe. It probably evolved from the wild green foxtail
millet—Setaria viridis (L.) P. Beauv. [11–13]. The geographical origin of foxtail millet is still a
controversial issue [14]. Its domestication could have taken place anywhere across its natural
range extending from Europe to Japan, perhaps even several times independently; it was most
probably first domesticated in the highlands of central China, from where it spread to India
and Europe soon thereafter [11, 15]. At present, foxtail millet is cultivated all over the world,
being most important in China, India, Indonesia, the Korean peninsula and south-eastern
Europe [16]. In most countries in the world, foxtail millet is cultivated mainly for production
of grains for human consumption. The tiny grains are milled into flour used for preparation
of different dishes (puree, cakes, etc.). In China, Korea, and Japan, foxtail millet is important
for beer preparation, with the sprouted seeds used instead of malt. Thanks to fermentation,
various alcoholic beverages are prepared [17]. In Europe, seeds of foxtail millet are used for
poultry feeding and plants are cultivated as a fodder crop for green biomass or hay production.

2.2. Sorghum

The greatest diversity in both cultivated and wild types of Sorghum Moench is found in north-
eastern tropical Africa. It is thought that the crop was domesticated in Ethiopia by selection
from wild sorghum types between 5000 and 7000 years ago [18]. Doggett [19] also considered
Ethiopia and the surrounding countries as a centre of domestication. From north-eastern
Africa, sorghum was probably distributed all over Africa and along shipping and trade routes
through the Middle East to India [20]. Sorghum probably travelled overland from India and
reached China [9] and South-East Asia [20] along the silk route about 2000 years ago. It might
also have gone by sea directly from Africa. Chinese seamen reached Africa's east coast more
than 1000 years ago (probably in the eighth century AD), and they may well have carried some
seeds home [9]. From West Africa, sorghum was taken to the Americas through the slave trade.
It was introduced into North America for commercial cultivation from North Africa, South
Africa, and India at the end of the nineteenth century [20]. It was subsequently introduced into
South America and Australia, where it has become an established grain and fodder crop. It is
now widely cultivated in drier areas of Africa, Asia, the Americas, Europe (France, Italy, and
Hungary) as well as Australia, Russia, and Argentina. It is cultivated between 50°N and 30°S
latitude and up to 2200 m above sea level [16, 18]. Sorghum types exclusively cultivated for
the dye in the leaf sheaths can be found from Senegal to Sudan [20]. Sorghum was introduced
to the Czech Republic in the 1920s when it was used mainly as a fodder crop. Until 1950, the
area of cultivated sorghum was higher than the introduced new maize varieties. In the first
decade of the twenty-first century, the higher interest in sorghum cultivation is connected with
the development of renewable energy for power plant feeding by biomass production due to
the fact that sorghum provides it in high quality and amount.

Sorghum and Foxtail Millet—Promising Crops for the Changing Climate in Central Europe
http://dx.doi.org/10.5772/62642

5



3. Morphology

3.1. Foxtail millet

Foxtail millet is an erect annual grass [11], between 0.6 and 1.2 m tall, tufted, often variously
tinged with purple. Its root system is dense, with thin wiry adventitious roots from the lowest
nodes [15] (Figure 1).

The stem is erect, slender, tillering from the lower buds, sometimes branched. Primitive
cultivars have numerous, strongly branched stems, while advanced cultivars produce a single
stem with a large, solitary inflorescence [11].

Its leaves are alternate, simple [11]; leaf sheath cylindrical, 10–15 (−26) cm long, glabrous or
slightly hairy; ligule short, fimbriate; blade linear-acuminate, 16–32 (−50) × 1.5–2.5(−4) cm,
midrib prominent [15], slightly rough [11].

The inflorescence is a spike-like panicle 5–30 × 1–2(−5) cm, erect or pendulous, continuous or
interrupted at the base; the rachis is ribbed and hairy; the lateral branches are short, bearing
6–12 spikelets. The spikelets are almost sessile, subtended by 1–3 bristles up to 1.5 cm long,
elliptical, usually about half as long as the bristles [11].

Its fruit is a caryopsis (grain) [11], which is enclosed in coloured hulls [11, 21, 22] with the
colour depending on the variety [21]. The grain is broadly ovoid, up to 2 mm long [11]. The
colour of the grain varies from pale yellow to orange, red, brown, or black [23]. Generally,
foxtail millet seeds are not dormant [24]. The 1000-seed weight is about 2 g [23].

Foxtail millet has a short vegetation crop [24]; total crop duration is 80–120 days, although
some cultivars only need 60 days to mature [11]. Foxtail millet is largely self-pollinating with
an average outcrossing rate of 4%; natural hybrids between wild and cultivated types occur.
Foxtail millet has largely lost the ability of natural seed dispersal and shows a tendency toward
uniform plant maturity [11].

3.2. Sorghum

Sorghum comes in many types. All, however, are coarse, cane-like grasses between 0.5 and 6
m tall [9], depending on the variety and growing conditions [25]. Most are annuals; a few are
perennials [9]. Its roots are concentrated in the top 90 cm of the soil but sometimes extending
to twice that depth, spreading laterally up to 1.5 m [9, 20].

The stem (culm) is solid [20], or sometimes with spaces in pith [26], usually erect [9, 20], 5–30
mm in diameter [25]. Stems may be dry or juicy. The juice may be either insipid or sweet. Most
have a single stem, but some varieties tiller profusely, sometimes putting up more than a dozen
stems. These extra stems may be produced early or late in the season [9].

The leaves are alternate, simple [20], broad and coarse, looking much like those of maize [9]
but are shorter and wider [25]. A single plant may have as few as 7 or as many as 24 leaves,
depending on the cultivar [9]. At first they are erect, but later curve downward. During
drought, they roll their edges together. Rows of ‘motor cells’ in the leaves cause the rolling
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action and provide this unusual method of reducing desiccation [9]. The leaf sheath is 15–35
cm long [20], often with a waxy bloom [27], with a band of short white hairs at the base near
attachment, reddish in dye cultivars [20]. The leaf blade is lanceolate to linear-lanceolate, 30–
135 cm long and 1.5–13.0 cm broad, initially erect, later curving, margins flat, or wavy [18].

The inflorescence is a terminal [20], more or less open panicle [28] (Figure 2), up to 60 cm long
[20] and 5–25 cm broad [28]; the rachis is short or long, with primary, secondary, and sometimes
tertiary branches, with spikelets in pairs and in groups of three at the ends of the branches [20].
Sorghum is predominantly self-pollinating [20].

The fruit is a caryopsis (grain) [20], typically thought of as round [29]. Due to the genetic
diversity of sorghum, grains can vary widely in size and shape. Commercial sorghum hybrids
are 4–8 mm long [20, 30], 2 mm broad [30], smaller than those of maize but with a similar
starchy endosperm [9]. The grains are usually partially covered by glumes [20]; the seed coat
varies in colour [9] from white [25], pale yellow through to red, purple-brown. Dark-coloured
types generally taste bitter because of the tannins in the seed coat [9]. The 1000-seed weight
varies from 13 to 80 g [20, 27, 30].

In the tropics and subtropics, sorghum may be one of the quickest maturing food plants [9].
Early maturing sorghum cultivars take only 100 days or less [20] and can provide three harvests
a year [9], whereas in temperate areas it requires 5–7 months [20].

Figure 1. Setaria italica [11].

Sorghum and Foxtail Millet—Promising Crops for the Changing Climate in Central Europe
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Figure 2. Panicles and spikelets of the 5 basic races of sorghum: 1—bicolor; 2—caudatum; 3—durra; 4—guinea; 5—
kafir [18].

4. Breeding

4.1. Foxtail millet

Wang et al. [31] wrote the first mention of foxtail millet suitability for genetic and molecular
studies due to the small genome size and its diploid nature. Genetic variability studies for the
identification of trait-specific germplasm accessions for various agronomic and nutritional
traits are lacking in foxtail millet, and are hence seldom used in breeding [32]. The major
breeding objectives of foxtail millet are developing high-yielding cultivars which produce
protein-rich seed and are resistant to diseases, pests, and lodging [33], and are adapted to local
ecological conditions [15]. One of the important components of plant breeding programmes
has been crop improvement through the introduction of novel genes from wild relatives [31,
34] with the research focused on salt stress responses in foxtail millet seedlings. In the Czech
Republic, the breeding of foxtail millet accessions is performed by the Gene Bank of the CRI.
The collection of foxtail millet includes 42 accessions in an active collection and 150 genotypes
in a working collection. The main aim is to find foxtail millet genotypes as a new source of
gluten-free grain, a source of feed for animals (hay and seeds) as well as for biomass production
used in power plants. Based on the work with genetic resources of foxtail millet, a broad set
of foxtail genotypes were chosen which were further selected (Table 1). The main sources of
new genotypes are other gene banks, universities, or botanical gardens all over the world.
Because some foxtail millet genotypes may be sensitive to daylight duration, the sensitivity to
the day length is the main parameter of the evaluation. During the vegetation, several morpho-
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phenological characteristics and health assessment of plants were done. After harvest, all
genotypes unsuitable for the temperate conditions of the Czech Republic were excluded from
the collection. The evaluation was focused on the early-ripening genotypes, on the size of
grains, as well as on production of high amount of biomass described by the plant height. In
2014, a new perspective variety of Setaria italica ‘Ruberit’ was bred in the Czech Republic
suitable for the production of biomass, human consumption (corn), and livestock nutrition
(grain and forage) (Appendix I) New genotype of Setaria italica ‘Rucereus’ bred for conditions
of the Central Europe. Is now under testing of Central Institute for Supervising and Testing in
Agriculture (Appendix II).

Year New cultivated
genotypes

Not grown up
genotypes

Not flowering
genotypes

Not ripening
genotypes

Total no. of
sown genotypes

2010 31 (37.8%) 0 (0%) 26 (31.7%) 25 (30.5%) 82 (100%)

2011 86 (86%) 0 (0%) 2 (2%) 12 (12%) 100 (100%)

Table 1. Summary of evaluation of new genetic resources of foxtail millet in the CRI, Prague Ruzyně.

4.2. Sorghum

To date, in the EU, there are 462 varieties of Sorghum bicolor registered. However, landraces
and wild related species of sorghum are an important source of various properties for breeding,
such as tolerance and resistance to pests and diseases, abiotic stresses such as lack of water
and high temperature, as well as quality and nutrition content for feed, food, and technical
utilisation [35]. Globally, in different gene banks, there are about 168,000 accessions of
sorghum. In the USA, genetic resources from gene banks are used to create new lines of A-,
B-, and R-, which then are used by private breeding companies producing new hybrid varieties.
This shows the key role of the interconnection of private and public sector in the creation of
new varieties [36]. To date, the International Union for the Protection of New Varieties of Plants
(UPOV) has registered a total of 3951 varieties of Sorghum bicolor worldwide.

Sorghum is a short-day plant which uses the C4 photosynthesis system. Maturity is influenced
by the length of day and temperature. Breeding starts with adapting short-day crop to
conditions of the temperate zone to a longer day, and shortening the stalks for improved
mechanical harvesting [36]. The most used techniques for breeding sorghum are the same as
in the case of maize. Since the 1950s, the cytoplasmic male sterility (CMS) method has been
used (Table 2).

The main objectives in sorghum breeding worldwide include high grain yield [37], resistance
to major yield-limiting diseases and pests [38], drought tolerance [39–41], cold tolerance [42],
and tolerance to the other abiotic stresses [43, 44]. Resistance to grain moulds [45, 46] and other
diseases [20, 35, 47] as well as to insect pests [48] has been identified.

Sorghum and Foxtail Millet—Promising Crops for the Changing Climate in Central Europe
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Line Cytoplasm Genotype Phenotype

A-line A rfrf Male sterility

B-line N rfrf Male fertility

R-line A or N RFRF Male fertility

Hybrid A RFrf Male fertility

Table 2. Genotype and phenotype for A-, B-, and R-line in system of cytoplasmatic male sterility in; N—normal
cytoplasm, A—sterility inducing by cytoplasmic [36].

In the northern part of Europe, the cultivation of sorghum has a certain tradition. In recent
years, due to changing climate, sorghum cultivation has become attractive in the Central parts
of Europe (Germany, Hungary, and Austria). The cultivated areas have increased and the
breeding programmes of sorghum were established. They are bred for cold resistance,
earliness, and decrease of anti-nutritional components in seeds [49]. It is necessary at the outset
to state that a breeding programme for sorghum in the Czech Republic currently does not take
place; we are merely introducing materials from countries where sorghum breeding pro‐
grammes are supported.

When we select varieties of grain sorghum, those with the shortest growing season are chosen.
Furthermore, a very important feature is the grain chemical composition. When grain is used
for human food, the grain shape and size are important. Grain for food purposes may be
depreciated and reduce the possibility of its use as a food due to high tannin content. Therefore,
one of the important objectives in the context of grain sorghum breeding is to obtain these
materials without anti-nutritional components. A very important role in breeding is played
by the height of genotypes; the lower growth facilitates the process of mechanised harvesting.
The Gene Bank of the CRI evaluated and selected potentially suitable genotypes for conditions
in the Czech Republic. The plant material is mainly obtained from other world institutions,
such as gene banks, universities, and botanical gardens, mainly from Europe, the USA,
Australia, and countries in Asia. Several genotypes are obtained from private subjects. The
plant material does not have characters of hybrids. All new accessions are tested over three
successive years. Subsequently, original data are obtained showing suitability for applications
of new plant materials in the conditions of the Czech Republic. These sorghum genotypes are
described and stored in a gene bank under defined conditions as an important source of
valuable genetic material for a potential breeding programme in the region of Central Europe.

Year New cultivated genotypes Not grown
up genotypes

Not flowering
genotypes

Not ripening
genotypes

Total no. of
sown genotypes

2010 59 (34.8%) 38 (22.3%) 7 (4.1%) 66 (38.8%) 170 (100%)

2011 58 (38.4%) 7 (4.6 %) 8 (5.3%) 78 (51.7%) 151 (100%)

Table 3. Summary of grain sorghum at the CRI, Prague Ruzyně.

Alternative Crops and Cropping Systems10



The summary (Table 3) presents the losses of plant material caused by the evaluation under
conditions of the Czech Republic. Every year around 30–40% of the genotypes were harvested.
These genotypes have demonstrated their viability in the conditions of the Czech Republic. In
2014, a new variety of Sorghum bicolor ‘Ruzrok’ bred for conditions in the Czech Republic was
registered (Appendix III). Considerable interest of breeders (abroad) is enjoyed by sorghum
hybrids with Sudan grass (Sorghum bicolor x Sorghum sudanense) where there might be consid‐
erable variability between varieties. In the conditions of the Czech Republic, this is probably
the most common form that is usually used for the production of high-quality silage, haylage
with high hemicellulose content, direct feeding, grazing cattle, and biogas production. The aim
of intensive breeding in both sorghum species suitable for silage production is BMR form
(brown midrib)—the form of cytoplasmic mutation (CMS). These varieties possess higher
digestibility where the outward characteristic is brown midrib.

5. Uses of foxtail millet and sorghum

Foxtail millet is a multipurpose crop. It is suitable for human consumption (grain) and livestock
nutrition (grain, forage). For human consumption, the grain must be dehulled in the mills
because the kernel and palea knit together. Published studies reported higher nutritional value
than rice [50]. Tables 4–9 show the evaluation of three foxtail millet genotypes in 2002–2003
cultivated in the conditions of the Czech Republic (CRI, Prague Ruzyně). The numbers are the
average values from two successive years. The content of crude proteins (11.42%) was higher
than in rice, wheat, or corn. The ratio of pure protein is up to 91.5% [51, 52]. From protein
fractions, the albumins and globulins represented 13.1%, prolamins 39.4%, glutelins 9.9%.
According to the gluten content, foxtail millet's grains are considered for a gluten-free diet [52].
The content and composition of amino acids is beneficial for human health, as most of the
cereals have low lysine content [53]. The content of essential amino acids (threonine, valine,
methionine, isoleucine, leucine, and phenylalanine) presented in foxtail millet grains is about
41% higher than rice, 65% higher than in wheat flour, and approximately 51.1% more than in
corn. These amino acids are important for poultry nutrition. As stated by Pack et al. [54], lysine,
methionine, threonine, and cysteine are essential for nutrition and affordable cost for the
preparation of animal feed. This crop can contribute to a natural increase of these substances
in animal feed. The observed content of fat ranged from 5.02 to 5.56%; similar results were
published by Zhang et al. [55], which is more than it is known in wheat and maize. There is a
higher content of unsaturated fatty acids (namely linoleic, linolenic, and gadoleic) compared
with fatty acids of maize [56]. Carbohydrate content is 72.8% and it is lower than in rice, wheat,
and maize. The size of starch granules ranges from 0.8 to 9.6 μm. The content of amylose and
amylopectin depends on the variety. There are so-called waxy varieties with high content of
amylopectin or with low or high content of amylose [57]. Zhu [58] observed millet as a starch
supplying crop that appeared strategically promising. The content of minerals iron, zinc,
copper, and magnesium is higher in comparison with rice and wheat. The observed content
of vitamins was consistent with published results of Saleh et al. [59], whereas the content of
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Ca is considered on a similar level as in rice and wheat. Seeds of foxtail millet are rich in Se
and the fibre content (11%) is four times higher than that of rice.

Dry matter Ash Fat Protein Fibre

Year 2002 93.83 ± 2.08a 3.23 ± 0.22a 5.20 ± 0.21a 12.67 ± 0.32a 18.83 ± 0.42a

2003 93.27 ± 0.10a 2.96 ± 0.10a 5.30 ± 0.43a 12.07 ± 0.08a 15.91 ± 1.81a

Genotype 01Z230023 92.33 ± 1.17a 2.99 ± 0.01a 5.15 ± 0.13a 12.48 ± 0.46a 17.09 ± 2.28a

01Z230002 94.41 ± 1.54a 3.19 ± 0.23a 5.56 ± 0.29a 12.45 ± 0.64a 18.60 ± 1.00a

01Z230014 93.92 ± 0.82a 3.11 ± 0.36a 5.02 ± 0.06a 12.18 ± 0.18a 16.43 ± 2.93a

Table 4. Basic nutritional components (g 100 g−1 of sample) of foxtail millet grains (data evaluated in the Gene Bank,
CRI, Prague Ruzyně).

B1 B2 Niacin Pantothenic acid B6 Carotenoids

Year 2002 0.40 ± 0.01a 0.10 ± 0.01a 2.73 ± 0.06a 1.31 ± 0.19a 0.30 ± 0.03b 0.67 ± 0.08a

2003 0.39 ± 0.04a 0.12 ± 0.00a 3.23 ± 0.15b 1.13 ± 0.10a 0.24 ± 0.02a 0.73 ± 0.06a

Genotype 01Z230023 0.39 ± 0.04a 0.10 ± 0.02a 2.95 ± 0.35a 1.13 ± 0.13a 0.25 ± 0.03a 0.78 ± 0.04b

01Z230002 0.41 ± 0.03a 0.11 ± 0.01a 3.10 ± 0.42a 1.34 ± 0.28a 0.28 ± 0.06a 0.70 ± 0.03ab

01Z230014 0.38 ± 0.01a 0.11 ± 0.02a 2.90 ± 0.28a 1.21 ± 0.02a 0.29 ± 0.04a 0.64 ± 0.06a

Table 5. Vitamin content (mg 100 g−1 of sample) in foxtail millet (data evaluated in the Gene Bank, CRI, Prague
Ruzyně).

In comparison with other cereals (wheat and maize), the foxtail millet grains reached higher
values of some evaluated nutritional components. According to Zhang and Liu [60], foxtail
millet demonstrated remarkable peroxyl radical scavenging capacity and cellular antioxida‐
tive activity due to its content of phenolic compounds, phenolic acids, and carotenoids, and it
is considered as a valuable cereal with potential in the prevention and management of
cardiovascular and geriatric diseases, as well as cancers. Foxtail millet is considered as an ideal
crop for producing food for diabetics.

Aspartic acid Threonine Serine Glutamic Proline Glycin

Year 2002 0.76 ± 0.07a 0.39 ± 0.02a 0.47 ± 0.03a 1.94 ± 0.12a 1.07 ± 0.15a 0.27 ± 0.03a

2003 0.80 ± 0.01a 0.45 ± 0.02b 0.45 ± 0.03a 2.07 ± 0.05a 0.87 ± 0.17a 0.30 ± 0.01a

Genotype 01Z230023 0.75 ± 0.09a 0.40 ± 0.04a 0.46 ± 0.04a 1.96 ± 0.22a 0.99 ± 0.11a 0.26 ± 0.03a

01Z230002 0.79 ± 0.00a 0.44 ± 0.05a 0.46 ± 0.04a 2.06 ± 0.04a 0.93 ± 0.27a 0.29 ± 0.03a

01Z230014 0.81 ± 0.01a 0.42 ± 0.03a 0.46 ± 0.03a 2.00 ± 0.02a 1.00 ± 0.27a 0.30 ± 0.00a

Table 6. Amino acid content (g 100 g−1 of sample) in foxtail millet grains (data evaluated in the Gene Bank, CRI, Prague
Ruzyně).
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Alanine Valine Methionine Isoleucine Leucine Tyrosine Phenyl-alanine

Year 2002 0.94 ± 0.08a 0.50 ± 0.02a 0.29 ± 0.04a 0.50 ± 0.10a 1.53 ± 0.15a 0.37 ± 0.05a 0.64 ± 0.05a

2003 0.95 ± 0.03a 0.54 ± 0.03a 0.18 ± 0.06a 0.54 ± 0.10a 1.31 ± 0.10a 0.30 ± 0.02a 0.78 ± 0.03b

Genotype 01Z230023 0.92 ± 0.09a 0.51 ± 0.04a 0.22 ± 0.04a 0.53 ± 0.16a 1.32 ± 0.05a 0.32 ± 0.02a 0.67 ± 0.12a

01Z230002 0.97 ± 0.01a 0.54 ± 0.05a 0.22 ± 0.15a 0.52 ± 0.12a 1.42 ± 0.28a 0.33 ± 0.02a 0.72 ± 0.07a

01Z230014 0.96 ± 0.05a 0.51 ± 0.00a 0.27 ± 0.05a 0.51 ± 0.04a 1.52 ± 0.14a 0.36 ± 0.11a 0.74 ± 0.11a

Table 6. (continues).

Histidine Lysine Arginine Cysteine Total

Year 2002 0.28 ± 0.02a 0.18 ± 0.02a 0.38 ± 0.03a 0.22 ± 0.00a 10.75 ± 0.90a

2003 0.26 ± 0.09a 0.23 ± 0.01a 0.59 ± 0.02b 0.24 ± 0.04a 10.86 ± 0.47a

Genotype 01Z230023 0.31 ± 0.08a 0.19 ± 0.05a 0.48 ± 0.19a 0.24 ± 0.02a 10.53 ± 1.17a

01Z230002 0.25 ± 0.06a 0.21 ± 0.03a 0.48 ± 0.14a 0.21 ± 0.02a 10.84 ± 0.58a

01Z230014 0.24 ± 0.05a 0.21 ± 0.01a 0.49 ± 0.11a 0.24 ± 0.03a 11.04 ± 0.35a

Table 6. (continues).

Myristic (14:0) Palmitic (16:0) Palmitooleic (16:1) Stearic (18:0) Oleic (18:1) Linoleic (18:2)

Year 2002 0.13 ± 0.03b 7.99 ± 0.80a 0.13 ± 0.02a 1.26 ± 0.15a 16.31 ± 2.00a 69.77 ± 1.50a

2003 0.09 ± 0.02a 9.47 ± 0.98a 0.14 ± 0.02a 1.40 ± 0.08a 15.59 ± 1.34a 69.67 ± 0.19a

Genotype 01Z230023 0.13 ± 0.04a 8.85 ± 2.21a 0.14 ± 0.01a 1.39 ± 0.06a 16.70 ± 2.70a 68.89 ± 1.12a

01Z230002 0.09 ± 0.02a 8.14 ± 0.45a 0.15 ± 0.02a 1.33 ± 0.23a 16.25 ± 1.26a 70.23 ± 1.06a

01Z230014 0.11 ± 0.03a 9.21 ± 0.49a 0.12 ± 0.00a 1.27 ± 0.13a 14.91 ± 0.08a 70.06 ± 0.28a

Table 7. Fatty acid content (g 100 g−1 of fatty acid) in the oil of foxtail millet grains (data evaluated in the Gene Bank,
CRI, Prague Ruzyně).

Linolenic (18:3) Arachic (20:0) Gadoleic (20:1) Behenic (22:0)

Year 2002 3.04 ± 0.46a 0.46 ± 0.03a 0.39 ± 0.02a 0.36 ± 0.05a

2003 2.59 ± 0.27a 0.41 ± 0.05a 0.36 ± 0.13a 0.24 ± 0.03a

Genotype 01Z230023 2.58 ± 0.09a 0.43 ± 0.09a 0.35 ± 0.06a 0.32 ± 0.13a

01Z230002 2.81 ± 0.72a 0.43 ± 0.01a 0.32 ± 0.07a 0.27 ± 0.07a

01Z230014 3.06 ± 0.33a 0.46 ± 0.01a 0.46 ± 0.07a 0.31 ± 0.05a

Table 7. (continues).
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Na K Ca Mg P

Year 2002 2.73 ± 0.85a 401.33 ± 29.54a 18.07 ± 1.40a 127.00 ± 3.46a 353.33 ± 10.02a

2003 3.37 ± 0.85a 364.00 ± 7.21a 18.27 ± 1.66a 124.33 ± 5.86a 359.00 ± 16.82a

Genotype 01Z230023 3.95 ± 0.35b 368.50 ± 3.54a 17.50 ± 1.41a 125.50 ± 4.95a 364.50 ± 10.61a

01Z230002 2.90 ± 0.71ab 379.50 ± 33.23a 17.85 ± 1.91a 127.00 ± 5.66a 353.50 ± 16.26a

01Z230014 2.30 ± 0.28a 400.00 ± 42.43a 19.15 ± 0.92a 124.50 ± 6.36a 350.50 ± 14.85a

Table 8. Content of mineral components (mg 100 g−1 of sample) in foxtail millet grains (data evaluated in the Gene
Bank, CRI, Prague Ruzyně).

Zn Fe Cu Mn

Year 2002 3.80 ± 0.10a 6.73 ± 1.86a 0.54 ± 0.04a 1.37 ± 0.15a

2003 4.10 ± 0.10b 3.30 ± 0.26a 0.63 ± 0.09a 1.30 ± 0.17a

Genotype 01Z230023 3.90 ± 0.28a 4.65 ± 2.19a 0.55 ± 0.06a 1.30 ± 0.14a

01Z230002 4.05 ± 0.21a 6.00 ± 3.96a 0.66 ± 0.11a 1.50 ± 0.00a

01Z230014 3.90 ± 0.14a 4.40 ± 1.13a 0.55 ± 0.02a 1.20 ± 0.00a

Table 8. (continues).

Foxtail millet can also be used as an animal feed. Tables 9 and 10 show basic nutritional
composition and amino acid composition of foxtail green biomass. The straw is ideal for cattle
because of its high nutritional value (the protein content of 6.0%, 26.0% simple sugars; xylogen
24.2%; 42.2% fibrin), which is much higher than in many other crops. Moreover, foxtail millet
straw is relatively soft and easily digestible for cattle [51].

ECN Dry matter (%) Ash (%) Organic matter (%) Fibre (%) N × 6.25 N × 5.93 Fat (%) Nitrogen-free
substances (%)

01Z2300003 100 2.95 97.05 9.97 14.3 13.31 4.25 68.8

01Z2300009 100 2.23 97.77 8.7 16.66 15.8 4.2 68.21

01Z2300010 100 3.38 96.62 8.95 15.76 14.96 4.49 67.41

Table 9. Basic nutritional components in green biomass of foxtail millet grains (data evaluated in the Gene Bank, CRI,
Prague Ruzyně).

g kg-1 of original value

ECN asp thr ser glu pro gly ala val ile leu tyr phe his lys arg

01Z2300003 2.1 0.79 1.4 5.2 2.42 0.73 2.49 1.32 1.14 3.92 0.68 1.42 0.83 0.58 0.88

01Z2300009 2.63 4.7 1.39 6.15 3.5 0.93 3.6 1.4 1.44 4.79 0.89 1.81 1.4 0.72 1.27

01Z2300010 1.71 0.65 0.99 4.57 2.23 0.69 2.16 1.41 1.2 3.37 0.66 1.26 0.75 0.48 0.66

Table 10. Amino acid content in green biomass of foxtail millet grains (data evaluated in the Gene Bank, CRI, Prague
Ruzyně).
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Possibilities for sorghum utilisation are very broad. In the food industry, it is used for the
production of sorghum sugar syrups, sweets, ethanol, alcoholic beverages, and beer because
of easy and quick fermentation. The preparation of purée from flour and groats in combination
with meat and vegetables is widespread [61]. Industrial use of sorghum flour is for the
production of adhesives, oils, and starch [62]. Recently, a high increase in the production of
ethanol as a fuel from biomass was recorded [63]. Sorghum is also suitable as a high-quality
forage crop because of its high sugar content, very good digestibility, and high yields of green
silage. Manifold technical sorghum is the raw material for the production of brushes and
brooms.

Variety Content of crude protein Fat BNLV Fibre Ash

Grain 12.8 3.3 76 5.9 2

Sugar 14.2 3.7 73.6 6 2.6

Technical 13.7 3.6 73 7.5 2.2

Table 11. Chemical composition of sorghum grains (%) from the collection of genetic resources in the Gene Bank, CRI
Prague Ruzyně (2011).

The content of nutritional components differs depending on the cultivation site and condi‐
tions. Table 11 shows original data as a result of chemical composition analysis of cultivated
sorghum varieties in the Gene Bank (CRI, Prague Ruzyně). The content of starch is similar to
maize at around 70%, protein content 8–16%, fat content 3.3%, minerals 1.9%, and crude fi‐
bre 1.9% [64]. As is commonly known, the content of proteins is strongly affected by nitro‐
gen fertilisation; it elevates the content of prolamin fraction, which is known as karirin in the
case of sorghum. This fraction is poor in lysine, arginine, histidin, and tryptophan and rich
in prolin and glutamin. Rajki-Siklósi [49] presented a protein content in sorghum seeds from
10.0 to 10.7%. The tannin (proanthocyanidin) content together with some of the others is
considered as a negative component, which negatively influenced digestibility. The amino
acid composition of sorghum seeds is variable, according to published studies [65–67], de‐
pending on genotypes and cultivation localities. Lysine in commonly available genotypes
covers almost 40% of the recommended dose of this essential amino acid, especially for chil‐
dren in developing countries. High lysine genotypes have higher content of lysine and the
total content of amino acids is nutritionally more beneficial [68]. Interest in the cultivation of
sorghum in Central Europe is growing with respect to climate change, utilisation for feeding
purposes, and in human nutrition for the possibility of its use in gluten-free diets. There are
genotypic differences when grain sorghum varieties compared to sugar sorghum show a fa‐
vourable composition of protein fractions, a higher proportion of nutritionally valuable al‐
bumin and globulins, and a lower content of prolamins. Results of Petr et al. [52] confirmed
the suitability of sorghum for a gluten-free diet.

Among the biologically active substances in sorghum is the prized content of phenolic acids,
which are represented as protocatechuic acid, hydroxybenzoic, vanillic, caffeic, ferulic, and
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cinnamon. These acids are important for their high antioxidant properties. From the minerals
in sorghum, there are interesting contents of phosphorus, magnesium, iron, zinc, copper,
manganese, molybdenum, and chromium. Sorghum further comprises vitamins B1, B6, beta
carotene, folacin, and pantothenic acid, which is important for metabolic processing of
nutrients and irreplaceable for hormone synthesis [69]. The possibility of higher use for food
purposes exist in Europe, which is at a low level at the moment.

In the Czech Republic, varieties and hybrids of sorghum are primarily used for feed and bi‐
ogas production [70]. Traditional varieties of sorghum are now being replaced by new hy‐
brids with favourable agrotechnical and nutritional properties. In recent years, the hybrids
most used for these purposes are derived from crosses of grain or sugar sorghum with Su‐
dan grass. Their advantage is the high-quality production of green matter. Intensive breed‐
ing has managed to dismantle the previously high content of alkaloid durin and increase the
digestibility of organic nutrients.

In 2009 and 2010, field experiments with selected sorghum materials were carried out at the
Gene Bank (CRI, Prague Ruzyně). The size of the field was 4.5 m2 in three repetitions. The
plant materials used were commercial varieties of sorghum provided by the companies Seed
Service, Saatbau Linz, and Syngenta. Some of the tested materials were obtained from the
Gene Bank (CRI, Prague Ruzyně). The results of the experiments are summarised in Ta‐
bles 12 and 13.

Variety Height Biomass Content of essential nutrition in % dry matter (d.m.)

(cm) (kg m −2 ) N P K Ca Mg

Čirok 200.53 ± 27.43 7.69 ± 2.46 1.86 ± 0.42 0.25 ± 0.07 3.25 ± 1.13 0.71 ± 0.11 0.24 ± 0.04

Goliath [1] 228.67 ± 22.27 10.10 ± 0.93 1.82 ± 0.40 0.25 ± 0.08 3.41 ± 1.24 0.70 ± 0.09 0.25 ± 0.02

Sucrosorgo
506 [2]

209.50 ± 24.34 8.62 ± 2.16 1.87 ± 0.29 0.26 ± 0.07 3.40 ± 0.97 0.69 ± 0.12 0.24 ± 0.03

Nutri
Honey [3]

199.33 ± 20.85 7.18 ± 1.37 1.75 ± 0.37 0.23 ± 0.05 2.58 ± 0.71 0.65 ± 0.11 0.23 ± 0.03

Latte [4] 197.67 ± 25.01 7.96 ± 3.60 1.70 ± 0.55 0.25 ± 0.06 2.92 ± 1.09 0.63 ± 0.09 0.22 ± 0.04

Honey Graze BMR [5] 194.83 ± 14.80 5.60 ± 1.46 1.83 ± 0.53 0.23 ± 0.08 3.52 ± 1.79 0.76 ± 0.05 0.24 ± 0.04

Big Kahuna BMR [6] 173.17 ± 30.04 6.71 ± 2.25 2.17 ± 0.37 0.29 ± 0.08 3.66 ± 0.73 0.82 ± 0.06 0.28 ± 0.02

1. Goliath—early hybrid, suitable for biogas production.
2. Sucrosorgo 506—hybrid, high yields of green biomass even in places not suitable for corn silage.
3. Nutri Honey—hybrid of sorghum and Sudan grass, suitable for forage and grazing.
4. Latte—forage variety, high resistance to drought.
5. Honey Graze BMR—hybrid suitable for making silage, hay, green feed or grazing; a lower lignin content.
6. Big Kahuna BMR—hybrid for silage, photosensitive to short-day.

Table 12. Evaluated parameters of biomass in sorghum varieties; mean values from 2009 to 2010.
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Variety Height Biomass Content of essential nutrients in % dry matter (d.m.)

(cm) (kg m−2) N P K Ca Mg

K—81 291.00 ± 4.58a 26.08 ± 1.97a 1.00 ± 0.04abc 0.15 ± 0.01ab 1.03 ± 0.06abc 0.47 ± 0.01c 0.21 ± 0.01a

Kecskemeti 314.67 ± 4.51a 26.24 ± 5.84a 0.97 ± 0.10bc 0.15 ± 0.01ab 0.86 ± 0.07b 0.45 ± 0.02bc 0.22 ± 0.02a

SO—29 302.33 ± 7.02a 26.61 ± 2.74a 1.16 ± 0.10abc 0.19 ± 0.02a 1.08 ± 0.05a 0.36 ± 0.02a 0.17 ± 0.00a

GK 4 Zsofia 308.67 ± 7.57a 24.07 ± 4.41a 1.22 ± 0.09ab 0.18 ± 0.02ab 0.89 ± 0.03bc 0.43 ± 0.02abc 0.20 ± 0.02a

6—without
tannin (sugar)

304.00 ± 19.70a 20.04 ± 3.39a 1.26 ± 0.12a 0.18 ± 0.04ab 1.09 ± 0.07a 0.40 ± 0.03abc 0.19 ± 0.03a

21/00 308.00 ± 14.00a 29.51 ± 7.21a 1.25 ± 0.15ab 0.20 ± 0.04a 0.89 ± 0.12bc 0.39 ± 0.04ab 0.19 ± 0.03a

56/01 317.00 ± 7.00a 28.25 ± 4.51a 1.17 ± 0.08abc 0.17 ± 0.01ab 1.04 ± 0.15ac 0.43 ± 0.05abc 0.18 ± 0.03a

GK 5 Zsofia 294.67 ± 12.66a 20.25 ± 1.83a 1.27 ± 0.06a 0.18 ± 0.01ab 1.10 ± 0.08a 0.39 ± 0.04ab 0.19 ± 0.01a

Latte 312.67 ± 9.07a 28.51 ± 3.51a 0.89 ± 0.05c 0.12 ± 0.00b 1.16 ± 0.09a 0.37 ± 0.02a 0.18 ± 0.01a

Values with different letter indexes were statistically significantly different P ≤ 0.05.

Table 13. Evaluated parameters of biomass in sorghum varieties; mean values from 2009–2010.

When the green biomass is mowed from the beginning of flowering, the protein content of the
forage is very high, comparable with the content of the other young grasses or alfalfa. In that
growth phase, the plants have a high content of soluble fibre, which decreases progressively
with aging of the plants and the protein content is diluted as well. Significant lignification
occurs after flowering of the plants.

Sorghums generally ensure high yields of biomass in appropriate conditions. The harvest
depends on the purposes of cultivation. Achieved yields of sorghum biomass in field experi‐
ments performed by the CRI and analysis of other outcome measures are summarised in
Tables 14 and 15.

Locality/variety Sudanense grass Hyso* Grain sorghum Sugar sorghum

Ruzyně 9.4 11.9 12.4 8.7

Troubsko 26.7 27.2 31.2 9.3

Lukavec – – 21.9 3.3

Chomutov – 12.8 5.3 7.4

Mean 18.0 17.3 17.7 7.2

*variety hybrid between Sudanense grass and technical sorghum

Table 14. Average yields of biomass dry matter (t. ha−1) in tested sorghum genotypes in the period 1993–2004.

The experiments obtained average yields of dry matter of biomass from 27.06 t ha−1 in Troubsko
to 5.14 t ha−1 in Lukavec. In Lukavec, there were not suitable conditions for tested sorghum
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hybrids. Without consideration of these results, the average yield of dry matter of biomass in
all genotypes was 15.56 t ha−1 (data not shown). The presented average yield of dry matter of
biomass was influenced by values obtained from sugar sorghum genotypes, which were low
in all the tested localities (Table 14). From the tested sorghum genotypes all reached similar
yields on average (18.02 t ha−1 Sudan grass, 17.71 t ha−1 grain sorghum and 17.29 t ha−1 “Hyso”).
In the comparison of localities, the highest yields of biomass were gained in all tested genotypes
in the warmest locality in Troubsko and, in contrast, the lowest yields were obtained in
Lukavec, the coldest locality. Sorghum positively reacted to graded doses of nitrogen fertili‐
sation. In our tests, the yield of biomass was increased by around 13.3% in experimental plots
fertilised with 60 kg ha−1 of N and around 17.0% in plots fertilised with 120 kg ha−1 of N in
comparison with un-fertilised plots. Similarly, experiments in Germany confirmed high yields
of sorghum from 15 to 20 t ha−1 in warm localities with a sum of temperatures higher than
2000°C. Also, the sowing rate had a significant effect on biomass yield (data not shown). In all
localities, higher yield was obtained by the application of a sowing rate of 60 seeds per m2.

The influence of locality and nitrogen fertilisation on yields on above ground biomass was
evaluated. The effect of the harvest time on water content in the harvested plant material, the
loss of biomass over the winter period, the content of essential nutrients and energy content
in plants were all observed. Also, the comparison of the monitored genotypes (varieties) of
sorghum in terms of suitability for burning and the impact of the date of harvest on yield,
water content, mineral content, and content in biomass were evaluated.

From the point of view of energy utilisation and storage of biomass, the content of the dry
matter is important at harvest time. In an autumn harvest, the water content is high (around
66%). By postponing the harvest to spring time, the water content in plants is reduced but, due
to plant morphology and high weight of panicles, lodging occurs resulting in losses of biomass.

The content of minerals in plants is one of the most important factors for the determination of
nutrient uptake by yields, in terms of combustion of the biomass, the formation of biogas, etc.
Generally, it can be said that the content of nitrogen in plants decreases with the age of the
plants and the harvest time. In general, delaying harvest time also reduces the content of the
monitored elements in the biomass.

In Europe (notably Germany, Austria, and Italy) where bioenergy is focused on biogas rather
than ethanol, sorghum has recently drawn attention as a novel bioenergy crop. Maize is
currently used in the Czech Republic for producing biogas. With respect to conserving and
increasing the biodiversity of cultivated agriculture crops and eliminating the negative effects
on the environment of monoculture cultivation of maize, the alternative crops are sought-after.
Sorghum should be one suitable possibility. Sorghum is considered as a dry tolerant crop
suitable for cultivation on light soils and arid areas [71]. Habyarinama et al. [72] proposed the
development of drought tolerant sorghum hybrids in order to increase and stabilise biomass
production in the Mediterranean region. Recently, Windpassinger et al. [73] stated that
sorghum provided high yields of biomass suitable for silage production under temperate
conditions. The interest in sorghum cultivation may increase in the future due to changing
climate conditions in Central Europe.
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Our experimental data of chemical composition and fermentations processes of the broad
sorghum collection corresponded to [74–76]. The results obtained showed high variability in
the chemical composition, and biogas production in different varieties and hybrids. This fact
highlighted the importance of careful selection of suitable varieties and genotypes based on
testing the sorghum collection at the Gene Bank of the CRI, Prague Ruzyně. Table 15 presents
comparative data of the evaluated sorghum and maize. Sorghums contained a high content of
ash (approx. 50%), fibre (approx. 60%), lignin (approx. 30%), and a low content of protein
(approx. 8%) and fat (approx. 30%). This is the reason for lower yields of methane and biogas
from sorghum (mainly from hybrids) in comparison with maize (6–16%). However, from 1 ha
of sorghum, it is possible to obtain a similar or even higher amount of biogas (mainly methane)
thanks to the higher yields of dry matter of biomass. For these purposes, the selection of
suitable genotypes is essential with the emphasis on early maturation for conditions in the
Czech Republic.

Parameter Sorghum Maize

Ash (% in d.m.) 6–12 4–8

Crude protein (% in d.m.) 5–9 6–9

Carbohydrates total (% in d.m.) 8–18 8–18

Crude fat (% in d.m.) 1–3 2–4

Crude fibre (% in d.m.) 32–44 20–28

Neutral detergent fibre (NDF) (% in d.m.) 48–62 32–44

Hemicelluloses (% in d.m.) 12–18 12–16

Lignin (% in d.m.) 3–6 2–5

Losses of dry matter in silage (% in d.m.) 2–8 2–6

Yield of biogas (Nm3.t−1 of d.m.) 420–620 400–710

Methane concentration (%) 52–55 52–55

Methane yield (Nm3 t−1 in d.m.) 220–340 210–390

Methane yield (Nm3 t−1 of org. d m.) 240–380 230–440

Average yields of dry matter of biomass (t ha−1) 9–22 8–18

Methane yields (Nm3 ha−1) 2000–7500 1700–7000

Table 15. Mean values of sorghum biomass composition, biogas, and biomass in comparison with maize.

Field experiments in four localities (Ruzyně, Lukavec, Chomutov, and Troubsko) in the years
from 1993 to 2004 with selected sorghum genotypes (Sudan grass, “Hyso,” grain sorghum,
and sugar sorghum) considered for potential energy are shown in Table 16; they were
conducted under three different nitrogen doses (0, 60, 120 kg ha−1) and one or two levels of
seed rates (40 and 60 germinating seeds per 1 m2) by spacing 25 cm and two harvests period
in the autumn and spring.
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Locality/variant Ruzyně Troubsko Lukavec Chomutov Mean

Average N0 10.5 26.1 2.3 10.0 12.2

Average N1 11.7 27.2 6.1 11.5 14.1

Average N2 12.2 27.9 7.0 11.8 14.7

Average V1 10.9 27.0 4.4 12.2 13.6

Average V2 12.0 27.2 5.9 10.1 13.8

Mean 11.5 27.1 5.1 11.1 13.7

Notes: Mineral nitrogen fertilization: N0 = 0, N1 = 60, N2 = 120 kg ha1.
Supposed no. of plants per m2: V1 = 40, V2 = 60.

Table 16. Average yields of dry matter of biomass (t ha−1) according to variants in experimental fields in the period
1993–2004.

6. Conclusion

Foxtail millet has a long history of cultivation around the world and is valued for its nutritional
content and health promoting properties, its ability to grow under low-input conditions, and
its tolerance to extreme environmental stresses. Similarly, sorghum has recently attracted
attention as a novel bioenergy crop. In a world facing limited natural resources and climate
change, we considered both mentioned species as having great potential for food use in the
case of foxtail millet and for biomass production in case of sorghum in arid and semi-arid areas
of the Czech Republic and further for other areas of Central European countries. Genetic
resources of both species can provide genotypic and phenotypic variability for conservation
and exploitation of biodiversity in the context of warmer weather affecting global agricultural
production.

Appendix I. New variety of Setaria italica ´Ruberit´ bred for conditions of the Central Europe.
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Appendix II. New genotype of Setaria italica ´Rucereus´ bred for conditions of the Central Europe.

Appendix III. New variety of Sorghum bicolor ´Ruzrok´ bred for conditions of the Central Europe.
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Abstract

Use of seaweed by humans is an ancient practice. In Asian countries, the use of them in
human and animal  feed,  traditional  medicine,  and compost  in  agriculture  is  well
documented. Since the twenty-first century begins, the scientific interest for seaweed had
increased in Occidental countries. Ulva or Enteromorpha is a green macroalgae genus that
raises and cultivates around the world. It has salinity tolerance and growth with diverse
nitrogen ratios, be able to farm them in aquaculture systems. Scientific studies seen in this
genus an interesting profile of chemical compounds: The protein is similar in quantity
and quality to soy or some animal products; dietetic fiber percentage is elevated (>40%),
being around 40% soluble fiber of them. In addition, fiber fraction presents Ulvan, a
complex  sulfated  polysaccharide  that  presents  antiviral,  antihyperlipidemic,  and
antidiabetic effect in animal assays. Moreover, antioxidant and phytochemical profile has
not being totally elucidated, giving important opportunities to scientific community for
explode consciously this biological resource.

Keywords: Ulva , Enteromorpha , algae, Ulvan, functional food

1. Introduction

For centuries, food has been used to promote health, but the knowledge of the relationship
between food components and health is now being understanding, helping to improve food
quality or discover new nutrient sources. Use of seaweed in human and animal feed, as natural
medicine, is a practice that goes back many eras, mainly in Asian countries. In Occident, mostly
they had been confined as raw material for obtaining phycocolloids. Since the twenty-first

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



century initiates, the innovation of algae as a crop, predominantly Ulva species had made an
increase in the possible uses in food and health industry. The evidence had showed Ulva species
present agronomical and nutritional facts scientifically interesting. The Ulva genus is tolerant
to environmental challenges, and the biomass increases in fast way. Nutritionally, the protein
ratio is similar to some legumes and some varieties shown high digestibility (>90%). The lipid
fraction contains polyunsaturated fatty acids (PUFA) and another fatty compounds of inter‐
est, as alpha linoleic acid (ALA). However, fiber fraction and antioxidant compounds would be
the most interesting elements; which present antioxidant activity, support to decrease glu‐
cose, cholesterol, and triglycerides levels in blood, among other benefic health effects. The aim
of this chapter is to review about Ulva as an alternative crop and its role as functional food and
nutraceutical compounds source.

2. Biological characteristics of Ulva

The employment of seaweeds in human and animal nutrition had been practiced for centuries,
principally in Oriental countries, mainly in China, Japan, and South Asia area. In the last
decades, European and American countries as France, Scotland, Peru, and Chile had been
added this crop as ingredient in traditional food [1]. However, the most part of the seaweed
species founded in littoral areas around the world is used as a basis in phycocolloides
extraction, utilized in textile, chemistry, and food industry; or as agronomic basis for fertilizes
[2].

One cosmopolite green seaweed group is Ulvaceae family. The genus Ulva (subsequently
denominated Ulva in text) has specific biological and physiological characteristics. Ulva
frequently is distributed marine environment with its few freshwater representatives, with
variation of salinity, temperature, water quality, and grow successfully in nutrient-rich
habitats [3, 4]. Macroscopically shape is filament-like and membranous (leaf-like), growing in
form of typical vividly green tube- or leaf-shaped thalli, o en also with various types of
branches, attached to the substrate by rhizoids, or later as free-floating intestinoid clusters [5].
Ulva forms morphologically similar haploid and diploid thalli, both of which produce asexual
zoospores by mitotic division of vegetative cells [6], showing biflagellate or quadriflagellate
gametes or zoospores. In addition, the cell has complex and thick cell wall made of microfibrils
with irregular settled; containing one parietal and cup-shaped chloroplast with one or
numerous pyrenoids [6, 7]. For these reasons, taxonomically Ulva is complicated macroalgal
group and usually confused with Enteromorpha genus; they are used as synonyms. If the
differentiation of both genus is required, it would be necessary genetic and/or ultrastructure
studies [8].

2.1. Ulva as a crop: agronomical uses and advantages

Ulva is widely distributed around the world and tolerant to some environmental challenges,
enabling the amount of biomass generated being in order of tons. Around 16 million tons of
seaweeds (fresh weight basis) and other marine plants are annually produced or collected with
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an estimated value of 5575 million Euros worldwide [9]; at the same time, seaweeds are
currently considered as an underexploited or barely not exploited natural resource [10–12]. In
a Mexican report, the biomass generated by Ulva in Golfo de México littoral had been quan‐
tified, showing around 360–426 ton weight dry basis, mostly of them, being wasted or
eliminated [13], due the deoxygenation of water and fish deaths, besides the unsightly and
undesirable odor when in decomposition [14].

Most of the metric tons of seaweed are used as nutrient supplement or biostimulant/biofertil‐
izer to increase plant growth and yield. Studies have revealed a wide range of beneficial effects
of seaweed extract applications on agronomic plantation; helping to improve agriculture
practices as seed germination, performance yield and decrease stress, and upgrade postharvest
shelf-life of unpreserved products [11]. Seaweed components such as macroelement and
microelement nutrients, amino acids, vitamins, cytokinins, auxins, and abscisic acid (ABA)—
such as growth substances affect cellular metabolism in treated plants leading to enhanced
growth and crop yield [15–17], but many of the action modes or biochemical pathways
activated are unknown or barely elucidated [11].

Literature mentioned that Ulva contains some metabolites and polysaccharides would act as
effective elicitors of plant defense against plant diseases. A study using extracts of Ulva spp.
against Colletotrichum trifolii in Medicago truncatula showed disease resistance without the
elicitation of necrotic lesions [18]. Ulva extract elicited the expression of the PR-10 gene. The
PR-10 gene belongs to the group of pathogenesis-related genes (PR) important for active
defense against diseases following pathogen attack [19], be able to up regulate until 152 genes
related to plant defense [18].

As its know, the different algae species present alginates and another complex polysaccharides
which retain water and minerals, helping to moisture and growing of plants. A mix of salts of
alginic acid and metallic ions in the soil helps to absorb moisture and make and swelling effect,
intensification mud structure, making a healthier soil for plant root system [20].

In other hand, cultivate seaweed, as Ulva could be a form to reduce aquaculture pollution,
generating biomass utilizable for another industries. The aquaculture industry, predominantly
land-based aquaculture, generates more than 65 million tons of organisms cultivated annually
[9]. The intensive aquaculture production is reliant on high-protein feed to facilitate the rapid
growth of animals. Nevertheless, the protein conversion ratio of aquatic organisms is relatively
ineffective, resulting in nutrient-rich remaining [21]. If released directly into the environment,
these waste nutrients can cause significant environmental degradation through nitrogen
enrichment and lead to the proliferation of algal growth [22], producing an unbalance in
oxygenation of water.

Seaweeds as Ulva can be cultivated in aquaculture wastewater to recover a high proportion of
these waste nutrients, while simultaneously creating a biomass resource [23]. The integration
of seaweed cultivation with land-based aquaculture for nutrient remediation has been
successfully demonstrated at a research level numerous times [23–25], although rarely
implemented commercially [26]. One of the major reasons for this is that the seaweed biomass
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produced requires a market, or on-site use; otherwise, the seaweed biomass itself can become
a waste product and liability [27].

One of the lowest cost approaches to explode this biomass is composting, which is the aerobic
decomposition of organic material by successive microbial communities. To successfully
compost any organic waste, the carbon-to-nitrogen ratio of the material needs to be balanced.
As seaweed is a relatively novel feedstock for composting, it is unknown as to how the initial
C:N ratio of seaweed-based composts will influence the composting process and the quality
of the mature compost, but studies had demonstrated that it is feasible, making a high-quality
compost, with C:N ratio for seaweed-based composts to be 22:1, which corresponds to seaweed
accounting for 82% of the compost on a fresh weight basis [27]. Another way of decrease
nutrient waste in aquaculture by Ulva culture is through fluid systems, making possible
remove total N in water, increasing optical transmittance of light [28]. Additionally, Ulva
methanolic extract presents antialgal activity against red tide microalgae [29], which could act
as biological contaminant in aquaculture.

2.2. Nutritional evidences of Ulva algae

At the same time, as food has long been used to improve health, our knowledge of the
relationship between food components and health is now being used to improve food [30].
The foods that provide nutrients and additionally promote health had been denominated
“functional food”. Functional foods can provide health benefits by reducing the risk of chronic
diseases and enhancing the ability to manage chronic diseases, thus improving the quality of
life. Functional foods also can promote growth and development and enhance performance
[30].

Seaweeds have become a valuable vegetable, fresh or dried, and an important food ingredient
in the human diet [31], mainly in Oriental countries and lately in European and Latin American
countries. They are identifiable by present protein, polysaccharides, mineral, and some
vitamins in important percentages.

Interest in Ulva as a “newness food” is expanding in Western countries. The nutritional
information about Ulva has been focused in: Ulva lactuca, Ulva pertusa, Ulva fasciata, Ulva
rigida, Enteromorpha sp., Enteromorpha flexuosa, Enteromorpha intestinalis, and Enteromorpha
compressa [32].

Normally, the chemical composition of Ulva has 9–14% protein; 2–3.6% ether extract (n-3 and
n-6 fatty acids 10.4 and 10.9 g/100 g of total fatty acid); 32–36% ash. Alkaloids, cyanogenic

Ulva species Protein (%) Lipid (%) Ash (%) Total dietetic fiber (%) Insoluble fiber (%) Soluble fiber (%)
Ulva spp. (as Enteromorpha spp.) [33] 9.45–14.10 2.20–3.60 32.64–36.38 – – –

Ulva clathrata [34] 13.13 2.92 18.36 44.44 – –

Ulva clathrata [32] 21.9–26.9 2.5–3.5 44.8–49.6 24.8–26.3 8.7–10.7 15.6–16.6

Ulva lactuca [35] 8.46 7.87 19.59 54.90 34.27 20.53

Ulva spp. [30] 7–44 0.3–1.6 11–55 38 17 21

Ulva lactuca [36] 7.06 1.64 21.3 55.4 – –

Table 1. Chemical composition of Ulva species
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glucids, saponins, and tannic acid are near to null [33]. In Table 1, some Ulva species are titled
by nutritional characteristics.

2.3. Protein of Ulvales: amino acidic profile and bioactive peptides

The protein ratio of Ulvales would oscillate by different factors, as the species is cultivated or
marine source, changes in seasonal periods [31], principally. Generally, the highest protein
value has been found during the period of winter–early spring and the lowest during summer–
early autumn [37].

Diverse researchers had found interesting information about the Ulva protein, presenting an
amino acidic profile comparable to soy or another legumes, peptides with bioactivity against
inflammation processes, antivirals, among others. Ulva founded in Mexican littorals was
analyzed, and the results for amino acids content shown 9 of the 10 considered essential for
humans are present in protein of Ulva spp., a higher quantity than in an equivalent weight of
soy [33]. The concentration of isoleucine, leucine, lysine, and threonine is higher to the FAO-
OMS pattern [38]. Protein digestibility by enzymatic assay was 98% compared to the reference
casein pattern. Anti-nutritional factors (tannins, alkaloids, cyanogenic glucids, and saponin)
that could affect digestibility were scarce to none [33].

In Hong Kong and Tunisia areas had been reported similar results about amino acids for
Ulva. The essential amino acid score analysis of U. lactuca shown seaweed samples contained
all the essential amino acids (in different proportions, excluding tryptophan), which accounted
for 42.1 ± 48.4% of the total amino acid content, being Leucine was limiting amino acid but to
be able to contribute adequate levels of total EAA [35, 36]. Ulva armoricana contains high levels
of the amino acid proline (approximately 5–11%) of total amino acids, while U. pertusa is
reported to have an arginine content of 15% [39, 40].

For these reasons, Ulva protein had been used by the fortification in some reports. The results
for bread shown that an Ulva and Cladophora spp. mixture increases the protein percentage
with minimal variations in sensory and technological properties [14]. In case of maize tortilla,
the protein percentage was significantly increased but in chemical compute, the Ulva protein
was not complementary to maize protein. The rheological and sensorial properties in maize
tortilla were slightly modified [34]. In addition, the free amino acid fraction of seaweed is
mainly composed of alanine, arginine, aspartic, and glutamic acid; given the characteristic taste
of “sea product” [34, 41] (Table 2).

A myriad of positive health beneficial properties is associated with bioactive peptides
including antihypertensive, anti-diabetic, anti-obesity, immune-modulatory, relaxing, and
satiety-inducing effects [42]. Bioactive peptides used as functional food ingredients do not
accumulate in body tissue, and there are only a few reports regarding negative side effects
when bioactive peptides are used for preventative healthcare purposes. In the case of Ulva
genus had been isolated a mitogenic hexapeptide, SECMA 1. This peptide was shown to be
involved in the modulation of cell proliferation-associated molecules, proteoglycans and
glycosaminoglycans in human foreskin fibroblasts [43].
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In addition, Ulva presents bioactive lectins. These proteins interact with specific glycan
structures, making glycoconjugates. The protein–carbohydrate interaction is responsible for
participation in numerous biological and immunological processes [44]. Furthermore, lectin
has been found to increase the agglutination of blood cells (erythrocytes) and is also useful in
the detection of disease-related alterations of glycan synthesis, including infectious agents such
as viruses, bacteria, fungi, and parasites [10, 45, 46]. Other bioactive properties exhibited by
marine algal lectins include antibiotic, mitogenic, cytotoxic, anti-nociceptive, anti-inflamma‐
tory, anti-adhesion, and anti-HIV activities [45, 47, 48].

2.4. Dietary fiber in Ulva: Ulvan as bioactive polymer

Dietetic fiber is a complex mixture of polysaccharides no digestible. Structurally, polysacchar‐
ides are polymers of simple sugars (monosaccharides) linked together by glycosidic bonds,
and this characteristic gives them numerous commercial applications in products such as
stabilizers, thickeners, emulsifiers, and generally, food industry. The total polysaccharide

Amino acid Ulva spp. flour
Taurine 0.09

Hydroxiproline 0.34

Aspartic acid 1.70

Threonine 0.71

Serine 0.69

Glutamic acid 1.73

Proline 0.50

Lantionine 0.02

Glycine 0.85

Alanine 1.28

Cysteine 0.30

Valine 0.80

Methionine 0.26

Isoleucine 0.48

Leucine 0.75

Tyrosine 0.31

Phenylalanine 0.64

Hydroxilysine 0.18

Ornithine 0.12

Lysine 0.48

Hystidine 0.12

Arginine 0.68

Tryptophan 0.10

Total 13.13

Protein crude (N × 6.25) grams 14.99

*Grams per 100 g sample. Extracted with the permission from Vázquez Rodríguez et al [34].

Table 2. Amino acids profile of Ulva spp.
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concentrations in the seaweed species of interest range from 4 to 76% of dry weight; in Ulva
species, the concentration would be until 65% of dry weight [9].

In algae, the cell wall polysaccharides mainly consist of cellulose and hemicelluloses, neutral
polysaccharides, and are thought to physically support the thallus in water. The cellulose and
hemicellulose content of Ulva species is around 9% both. Lignin is characteristic of Ulva sp.,
with concentrations of 3% dry weight [49]. As storage polysaccharides, green algae contain
sulfuric acid polysaccharides, sulfated galactans, and xylans [30].

The seaweed dietary fibers contain some valuable nutrients and substances, and there has been
a deal of interest in seaweed meal, functional foods, and nutraceuticals for human
consumption by the presence of complex polysaccharides; shown antitumor and antiherpetitic
bioactivity; they are potent as an anticoagulant and decrease low-density lipid (LDL)-
cholesterols in rats (hypercholesterolemia); they prevent obesity, large intestine cancer, and
diabetes; and they have antiviral activities [46, 50–54]. Moreover, glucose availability and
absorption are delayed in the proximal small intestine after the addition of soluble fibers, thus
reducing postprandial glucose levels [55]. Water-insoluble polysaccharides are mainly
associated with a decrease in digestive tract transit time [41].

In the green algae, most work has focused on storage polysaccharides. In Ulva genus, these are
known as Ulvan. Ulvan and derives display several biological activities of potential interest
for therapeutic, nutraceutical, and personal care applications [42]. Ulvans are highly sulfated
polysaccharides (189–8200 kDa [56]) composed by a mix of rhamnose, uronic acid, and xylose
as the main monomers. Furthermore, the Ulvans containing a disaccharide, the aldobiuronic
acid, [→4)-D-glucuronic acid-(1→4)-L-rhamnose3-sulphate-(1→], and iduronic acid. As
dietary fiber, Ulvans contain a water-soluble fraction and insoluble material, similar to
cellulose.

The mechanism of gel formation of Ulvan is exceptional between polysaccharide hydrogels
and phycocolloids. The Ulvan rheology is compared with Arabic gum but presents another
characteristics not fully understood due to its physicochemical interactions are very complex.
Ulvans have thermoreversible behavior without thermal hysteresis, and its gelling properties
are affected by boric acid, divalent cations as Ca+ and pH. These properties perhaps of interest
for chelating application [30, 56], among others.

These properties make to Ulvans highly water absorbent and under some conditions,
biodegradable hydrocolloid; making desirable for some industries. Relationally to food
industry, Ulvans can constitute an effective and low-cost alternative to meat-derived products
because their rheological and gelling properties make them suitable substitutes for gelatin and
related compounds [57].

Medical and pharmacologically, Ulvans and their oligosaccharides present anticoagulant,
antioxidant, antiviral, anticancer, and immunomodulation activities [12]. They were able to
modify the adhesion and proliferation of normal and tumoral human colonic cells as well as
the expression of transforming growth factors and surface glycosyl markers related to cellular
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differentiation [58]. Ulvan is rich in iduronic acid. Iduronic acid is used in the synthesis of
heparin fragment analogues with anti-thrombotic activities [56]. Oligosaccharides from Ulva
could be used as reference compounds for analyzing biologically active domains of
glycosaminoglycan-like heparin [59]. Ulvans possess immune-modulatory activities that may
be of potential application in stimulating the immune response or controlling immune cell
activity to mitigate associated negative effects, such as inflammation. It had been proved that
low-Mw sulfated Ulvans from U. lactuca and their desulfated derivatives have anticancer
activities because they can inhibit Caco-2 cell proliferation and/or differentiation in cell culture
tests [60]. In reports had evaluated the effects of a water-soluble acidic polysaccharide from
U. rigida on the activities of RAW264.7 murine macrophages. However, these effects
considerably decreased after desulfation of the polysaccharides, which suggests that the
sulfate group is essential for the stimulatory capacity of these molecules [61].

Furthermore, Ulvans present antiviral effects. Some research indicates that almost all Ulvan
fractions from E. compressa shown potent anti-HSV-1 activity as well as low cytotoxicity to host
cells [62]. Extracts from U. lactuca can inhibit Japanese encephalitis virus (JEV) infection in Vero
cells because the SP can block JEV adsorption and thus hinder the entry of JEV into the cells [63].

Much of the characteristics mentioned before are due to antioxidant activity present in Ulvans.
Ulvans have emerged as prospective candidates for effective, nontoxic substances [64, 65] with
potent antioxidant activity [66, 67] because they generally act as free-radical inhibitors or
scavengers and, therefore, primary antioxidants. These effects include superoxide radical
scavenging, hydroxyl radical scavenging, DPPH (1,1-diphenyl-2-picrylhydrazyl) radical
scavenging, total antioxidant capacity, power reducing ability, and ferrous chelating ability.
However, in terms of antioxidant potential, some crude Ulvans show effects no greater than
those from red or brown algae (carrageenan and fucoidan) [68]. Even that the enzymatic or
chemical digestion of Ulvans is adept; obtaining in some cases, fractions with anti-
hyperlipidemic effects [69] and a significantly effect of sulfated degree in antioxidant and
quelant effect [70]. Ulvans from U. pertusa also show antihyperlipidemic activity, affecting total
cholesterol and LDL-cholesterol in blood serum [71]. The causal mechanisms of this bioactivity
are unclear, but bile acid sequestration is hypothesized [69]. Additionally, the particular
chemical structure of Ulvan make complicated fermentation process by colonic bacterial [72].

The commercial limitation of Ulvan and dietetic fiber of Ulva is based in its diverse and complex
structure [73, 74], making difficult the standardization of properties [52, 62, 68, 75–77]; and the
fiber fraction, mainly the insoluble fraction, quelate lead and another heavy metals, highly
toxic to human or another animals, due to its extraction and use should be managed with
quality control measures [35].

2.5. Ulva as a source of phytochemicals: bioactivity and nutraceutical function

Many studies already demonstrated the promising properties of macroalgae extracts, as health
promoters. Anticoagulant, anti-proliferative, antiviral, antimicrobial, among others bioactiv‐
ities are some of his characteristics. Notwithstanding macroalgae are known to contain
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numerous phytochemicals such as terpenes, phenolics, sterols, vitamins, principally. Their
detailed chemical characterization and the identification of bioactive action are still largely
unexplored in many species [78].

For example, the lipoid fraction of Ulva is slightly minor than protein or fiber fractions, but the
fatty acid compounds presents in their make it relevant. Some researchers had found in U.
lactuca numerous fatty acids (saturated and unsaturated) and relative compounds as diacids,
long-chain aliphatic alcohols, sterols, monoglycerides, diterpenes, and tocopheroles; all
valuable lipophilic components with well-established nutritional and health benefits [78].

Ethanolic extract of U. rigida (4.31 ± 0.74 μmol gallic acid g-1) presented anti-hyperglycemic,
anti-oxidative, and genotoxic/antigenotoxic capacity in vivo in diabetic mellitus-induced rats.
The possible mechanisms by which U. rigida exerts its antihyperglycemic action in diabetic
rats may be due to the regeneration of b-cells in the islets of pancreas and/or potentiating the
insulin release [79]. U. rigida presents a vast quantity of antioxidant as chlorophyll a, b,
carotenoids, vitamins A, C, and E, phenolic content, among others; all them with important
bioactivity [42, 69, 79–82].

Also, Ulva clathrata shows an important antioxidant potential in comparison with other species.
This detail could be explained by a high phenolic and flavonoid quantities [83]. The results
suggest that these edible green seaweeds possess antioxidant potential which could be
considered for future applications in medicine, dietary supplements, cosmetics, or food
industries.

3. Conclusions

Ulva genus shows an interesting profile as an alternative crop. Filamentous species of the genus
Ulva have desirable characteristics for year-round large-scale cultivation, including a broad
tolerance of salinity and temperature with high growth rates, enabling production in enclosed
and open waters. Relatedly to human and/or animal nutrition, Ulva presents a balance of
nutrients, as protein with amino score similar to legume or animal protein, an important PUFA
fraction, dietetic fiber with functional activity (technological and nutritionally); furthermore
of an important presence of various antioxidants as polyphenols, flavonoids, and sulfated
compounds, among others, which activate different biochemical pathways, shown beneficial
effects to health. In summary, Ulva exhibits an interesting agronomic profile and beneficial
biological effects, which promotes this alga as an alternative functional crop. Despite the
demonstrated properties, the presence of heavy metals should be evaluated, especially lead,
for not limiting its use as food or raw material in diverse industries.
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Abstract

A granary can represent a certain set of farming activities reflecting cultural and regional
characteristics, and also be associated with symbolic meanings. The traditional raised-
floor rice granary in Bali, Indonesia, called a Lumbung, only survives in specific areas of
the island today. What is the factor underlying its survival and disappearance? The results
of the author’s field research in Bali from 2006 to 2011 indicate that this is connected with
the survival of local rice production, which was Bali’s traditional rice before being
overtaken by the highly productive normal rice—introduced in the 1960s and 1970s.
Today, local rice is cultivated only in a few specific areas such as Tabanan prefecture,
where not only Lumbungs but also a set of traditional farming customs are still used. In
addition, a clear conceptual connection between Lumbungs and local rice is observed, Such
that local rice is exclusively offered in a Lumbung to the goddess Dewi Suri. Such practices
suggest that the introduction and spread of the new normal rice not only changed the type
of rice cultivated but also led to the decrease of traditional or “real” farming practices
among local farmers, as represented by the decline of the Lumbung.

Keywords: Granary, Crop production cycle, Cultural identity, Agricultural landscape,
Paddy rice farming, Ethnohistory

1. Introduction: Lumbung (raised-floor granary) and rice production cycle
in Bali

This chapter discusses the Lumbung, a Balinese traditional raised-floor rice granary, and its
relationship with the production cycle of rice and local farmers’ perceptions of it. The author
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uses ethnohistorical research and proposes a measure for the proper preservation of the Lumbung
as a symbol for the promotion of agriculture in the future.

Architecture is the materialization of the function of a human activity space and thus represents
certain set of human activities reflecting cultural and regional characteristics. Therefore,
traditional architecture can be associated with not only practical activities but also symbolic
meanings including the concept of sacredness and taboo and cultural identity. In the preser‐
vation of traditional architecture, we must therefore take a holistic view of both the practical
and symbolic aspects of traditional structures in the mental landscape of local populations.

Among the various types of architecture, granaries are among the most commonly seen
constructions. Food storage facilities emerged in the very early stages of human history and
played a fundamental role in everyday landscapes [1]. The style of a granary not only reflects
the subsistence strategy of each society but also the characteristics of its culture. Granaries have
also been symbolic objects or stages for ceremonies and thus concern the human mental
landscape.

Many ethnographic researchers have become interested in traditional granaries and their past
functions and symbolism. For example, in Japanese scholarship, research has been mainly
conducted in subtropical islands, such as [2–5] Amami and Okinawa Islands, Japan. These
studies noted that sacredness or display of political power or wealth is associated with
traditional granaries. Accordingly, a granary could be an instrument for connecting the
economical and daily act of storing food with sacredness and politics. On the other hand, the
perspectives of those studies tended to be limited to granaries themselves; the relationships of
granaries to the overall routine associated with subsistence have not been sufficiently dis‐
cussed. This ethnographic study on Bali focuses on this aspect of traditional granaries.

Bali has a traditional raised-floor granary for rice. Previously, granaries were called by several
names depending on their size, as will be explained below. However, the number of granaries
remaining today is much smaller, and size distinctions have been lost; therefore, in this chapter,
traditional Balinese granaries are referred to as Lumbungs, which is now the most commonly
used term in modern Bali.

Rice farming is vital in Balinese culture, and the Lumbung has played a significant role in
Balinese life; however, the tradition now only survives in limited places. Here, the author
would like to discuss the role of the Lumbung in the Balinese rice production cycle and the
factors underlying its survival and gradual disappearance, using data obtained from field
work carried out from 2006 to 2011. The Lumbung can be an important cultural symbol for Bali
and useful for reviving agricultural practices. Thus, understanding local people’s perceptions
of the Lumbung is important for the future planning of the Balinese agricultural landscape.

2. Background of the research: the history of Lumbung

Bali is a province of Indonesia and is located to the east of Java. It has a population of 3.89
million (as of 2010), covering 5633 km2 (Figure 1). Because of its location near the equator, its
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year-round temperatures range between 23 and 31°C, and the average annual rainfall is around
2000 mm in the province capital, Denpasar. It has a tropical humid climate with a dry season
from April to November and a wet season from December to March [6–8]. The island is divided
into eight prefectures (Kabupaten) inheriting the regional divisions from the Klungkung
dynasty and the seven small kingdoms from the seventeenth to eighteenth centuries [6]. 93.18%
of its population is Hindu and referred to as “Balinese Hindu” [6], and the Bali Aga and Bali
Mula communities comprise the minorities [6]. The author’s ethnographical studies target the
Balinese Hindu population.

Figure 1. The map of Bali and locations of field research areas.

The Lumbung, the theme of this research, is a Balinese traditional raised-floor rice granary with
a gable roof. Today, such granaries are only used in a few specific areas, mainly in Tabanan
prefecture; however, a few decades ago, they were common sights in the Balinese agricultural
landscape.

Covarrubias [9], a Mexican painter who lived in Bali in the 1930s, documented various aspects
of the contemporary Balinese culture. Among them, he mentioned the raised-floor granary,
noting that it was called by different names according to its size, such as Lumbung, Glebeg,
Djineng, Kelumpu, and Kelingkin, in order of importance. According to Covarrubias, “a granary
symbolized the economic status of a family,” and the structure is “similar to a yam house in
Melanesia” with a thatched gable roof and four pillars attached with rat guards [9: pp. 107]
(translated by Hosoya). He also recorded certain taboos associated with granaries, such as that
against speaking while bringing out rice in the daytime and the condition that a person entering
a granary be mentally and physically healthy and not chew betel nuts. Covarrubias’s descrip‐
tion suggests that granaries were a common part of the Balinese landscape.

This standing of granaries in Bali appears to have continued into the 1960s. The book edited
by Miyamoto [10], conducted as part of the “Rice Farming Culture in Southeast Asia” project,
is a good authority on Bali during this period, with rather detailed descriptions of granaries
as a part of rice farming culture. Ishikawa [11], as a member of the same project, recorded the
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classifications for granaries in Sesetan village, south of the capital city Denpasar. According
to him, granaries that stocked more than 800 rice sheaves (10–11 kg/bundle) were called
Keling, those holding more than 200 sheaves were called Djineng, and those holding more than
100 sheaves were called Kelumpu. Ishikawa also described the granaries as having gable roofs
thatched with Alang-alang/lalang (a kind of reed) grass and noted that some granaries had an
additional floor beneath the raised floor for a workshop space, which was sometimes sur‐
rounded by a bamboo mat that served as a wall. There were also several rules regarding these
granaries; for instance, they were always constructed near the kitchen in the southern part of
a house complex, and when there were two wives in a household, they could have separate
kitchens but had to share one granary. It is also reported cases in Pantjur village in Lombok
Island, an island east of the main Bali Island, where granaries were also classified by the size:
The larger ones were the Lumbung, and smaller ones were the Sambi. In case of the Lumbung,
an additional floor was built beneath the raised floor as a workshop space [11]. When one
household had both the larger and smaller granaries, the two may be connected by an extended
roof, and the in-between space could be used as a cowshed. These records in [11] show that
granaries in the 1960s were still a common part of the Balinese landscape and also a funda‐
mental part of daily life.

However, in 1980s, it appears that the situation started to change, namely Lumbung seems to
have become out of use except a particular region. In Kagami’s discussion [12] of the contem‐
porary Bali house complex, he observed that “… today, more and more families process and
sell rice directly from the field, and [traditional] granaries are falling out of use even if a family
owns one” (translated by Hosoya). On the other hand, Nagafuchi [13] observed that the
Mantenin ceremony for raised-floor granaries was still regularly practiced in the Wongayagede
village, Tabanan prefecture, indicating regular use of granaries. These studies show that by
the late 1980s, the raised-floor granary had become a disappearing tradition except in the
specific area of Tabanan prefecture, where it continued being a part of the everyday landscape
and was still actively used. This 1980s pattern is basically what can be observed today, and
Tabanan prefecture is the main area of Lumbung survival.

These records on raised-floor granaries in Bali indicated that a remarkable shift occurred in
the use and popularity of granaries in the 1970s and 1980s. What was the change? Why did
the raised-floor granary disappear in most areas in Bali, and why did it survive in specific areas
such as Tabanan prefecture? To answer these questions, the study of the present state of the
Lumbung and its cultural background, with a comparative view of the areas where it has
survived and disappeared, would be useful. This will also provide a clue to understanding the
significance of the Lumbung in the Balinese agricultural landscape today. To this end, the author
carried out a field research in Balinese farming villages.

3. Field research (2006–2011)

The field research was conducted from 2006 to 2011, and the detailed results have been
published elsewhere [1, 14–18]. The research method involved interviewing farming families
on the Lumbung and observing agricultural activities/ceremonies concerning the Lumbung. The
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interviewees were mainly comprised of Lumbung owners in Tabanan, Gianyar, and Karanga‐
sem prefectures, but for comparative study, farmers without Lumbungs in Karangasem
prefecture were also interviewed. Detailed information on the interviewees is shown in
Table 1. Names of the interviewees are given as initials to protect their privacy. The spellings
of village names are based on those in the “Bali Street Atlas, 2005/2006 edition” (Periplus
Editions).

Prefecture
(Kabupaten)

Village
(Desa)

Informants Cultivated rice No. of
Lumbung

Tabanan Babahan BB1 Men
(75 and
40 years old)

Land
owner

Local 1*/year,
normal 1/year,
Keten

1

Gunungsaridesa GN1 Man
(62 years old);
Woman (53 years old)

Land
owner

Local 1–2/year,
normal 2/year,
Keten

14

GN2 Man
(86 years old)

Land
owner

Local 1–2/year,
normal 1/year,
Injin, Keten

1

Jati Luwih JT1 Woman
(38 years old)

Land
owner

Local 1/year,
normal 1/year,
Injin, Keten

3

JT2 Woman
(30s?)

Land
owner

Local 1/year,
normal 1/year,
Injin, Keten

2

JT3 Woman
(60 years old)

Land
owner

Local 1/year,
normal 1/year

5

JT4 Man
(27 years old)

Land
owner

Local 1/year,
normal 1/year

4

Kesambi KS1 Woman
(55 years old)

Land
owner

Local 2/year,
normal 1/year

1

Penebel PN1 Woman
(75 years old);
Man (46 years old)

Land
owner**

Local 1/year,
normal 1/year

1

Senganan SG1 Man
(80 years old)

Land
owner

Local 1/year,
normal 1/year

1

SG2 Men
(42 years old &
36 years old)

Land
owner

Local 1/Year,
normal 2/year,
Keten

3

Wongayagede WG1 Man
(45 years old)

Land
owner

Local 2/year,
Injin 2/year

1
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Prefecture
(Kabupaten)

Village
(Desa)

Informants Cultivated rice No. of
Lumbung

WG2 Woman
(60s?)

Land
owner

Local, Injin 2

Gubug GB1 Woman
(80 years old)

Land
owner

Normal 3/year 2

GB2 Woman
(60s?)

Land
owner

Normal 2/year 1

Sudimara SD1 Man
(55 years old)

Land
owner

Normal 2/year 2

Gianyar Sebatu SB1 Man
(45 years old)

land
owner

Local 2/year,
Injin, Keten

3

Karangasem Ababi AB1 Woman
(65 years old)

Land
owner**

Normal 2–3/year 1

Jasi JS1 Man
(50 years old)

Land
owner

Normal 3/year none

JS2 Woman
(50s?)

Tenant Normal none

JS3 Man
(64 years old)

Tenant Normal none

Selat SL1 Man
(60 years old)

Tenant Local 1/year,
normal 2/year.
Injin, Keten

none

SL2 Man
(70 years old)

Land
owner

Local,
normal,
Injin, Keten

none (1
Tukub)

SL3 Woman
(43 years old)

Land
owner

Normal 2/year, Keten 1

*The number indicates harvest number within 1 year shifting.
**Not farming his/herself.

Table 1. Backgrounds of informants.

3.1. Survival of the Lumbung and its relationship to rice type

The results of the field research suggested the high possibility that the survival of the Lumbung
is strongly tied to the type of rice cultivated. Here, I introduce the present status of the Lumbung
as observed through the fieldwork and then demonstrate that its relationship with cultivated
rice is the key to explaining why Lumbungs have survived in specific areas of modern Bali while
disappearing in other areas.
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3.1.1. Lumbung today

As previously mentioned, the author interviewed primarily households that owned Lum‐
bungs, with a few exceptions for comparative purposes. Accordingly, the research area was
limited to Tabanan, Gianyar, and Karangasem prefectures. It must be noted that in other areas,
namely the majority of Bali farming lands, Lumbungs no longer exist.

The surviving Lumbungs observed by the author have either four or six posts but exhibit no
notable differences in size corresponding to those recorded in historical documents such as [9,
11]. However, interviewee GN1 explained that Lumbungs with six posts were built when
abundant rice harvests were expected and paddy fields were large, so the difference in the
number of posts may be a relic of the diversity of the Lumbung sizes.

The Lumbung roof was traditionally thatched by Alang-alang grass, as described by [9, 11], and
some old Lumbungs still retain this traditional style of roofing (Figure 2). However, over the
last several decades, almost all farmers have chosen metal roofs to replace thatched ones when
rebuilding roofs (Figure 3), mainly because of the cost: While a thatched roof costs 3–5 million
rupia, a metal roof costs only 0.8 million rupia (GB1, SD1, in the interview in 2007). It is also
difficult today to find Alang-alang grass or to employ workers capable of thatching. At the same
time, many interviewees cited the advantages of metal roofs over thatched ones, such as more
durability (JT3, GN1), more effective for keeping off rats (JT3, SB1), and better for drying stored
rice (SB1). Metal roofs therefore appear to be a positive introduction.

Figure 2. Traditional style of Lumbung.
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Figure 3. Lumbung with a metal roof.

Most Lumbungs have a second floor beneath the raised floor (Figure 4), as reported in [11] in
1960s. The second floor is used for various purposes (as an eating space, a resting space, a
meeting space with a guest, and so on), but many interviewees (PN1, GB1, SD1, SL3, GN1, etc.)
said that it was used for preparation for Lumbung-related ceremonies. Indeed, the author
observed this ceremonial usage and was also often invited into the space for interviews or
dining.

Figure 4. Utilization of the second floor beneath the raised-floor of a Lumbung.
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Some Lumbungs, in particular, the ones that have rather recently been renovated, are decorated,
sometimes quite elaborately, with carvings and coloring (Figure 5) (eg., PN1 renovated 16
years ago; GN2, 3 months ago; BB2, 2 years ago). Decoration, the means of which vary, is
normally done by a family member, but it also can be done by an architect (BB1). According
to GN2, the purpose of decoration is “showing off.”

Figure 5. Decorated Lumbung.

In Wongayagede village, Tabanan prefecture, the shape of Lumbungs is quite characteristic.
Lumbungs observed by the author in this village and the nearby Tengkudak and Penatahan
villages were uniformly bell-shaped with a red tile roof (Figure 6). In Tengkudak village, there
was a metal-roofed Lumbung, which was also bell-shaped. The author could not determine the
origin of this specific Lumbung shape despite interviewing several farmers, but the shape
resembles that of typical Balinese temples, suggesting some possible connection. It is reported
[13, 19] that Wongayagede village was a special village in a religious context, as village
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residents were in charge of managing ceremonies at Luhur Batukau Temple located in the
north of the village, at the foot of Batukau Mountain. In the village, Injin, black rice specially
used to make ceremonial cakes, was also intensively produced [15].

Figure 6. Lumbung of Wangayagede village.

Several regulations and taboos associated with Lumbungs were recorded in [9, 11], as was
shown in Section 2, but many of them are now obsolete.

It is reported in [11] that the Lumbung had to be in the south part relative to the house complex.
Some farmers mentioned that today, it must be constructed in the south (PN1, JT2, and JT3)
or in the south or west (KS1). However, many farmers claim, “It can be constructed anywhere
there is space” (GB1, SD1, JT4, SG1, SG2, AB1). Therefore, this condition seems to be gradually
losing importance. Indeed, BB1 reported, “Once, it had to be in the south, but it doesn’t matter
now.” Some interviewees also said that the door of a Lumbung must face south or west (JT3,
JT4, SG2, AB1).
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None of the Lumbung-related taboos recorded by Covarrubias [9] were mentioned by the
interviewees. Instead, most of them mentioned the same two taboos: “Women on their period
cannot enter a Lumbung” and “Rice cannot be taken out from a Lumbung on particular days.”
These “particular days” varied by interviewee, such as specific days of a week, a day of a
ceremony, or the day of the new moon/full moon. Other taboos mentioned by interviewees
were as follows: “Rice cannot be taken out repeatedly on the same day, and no one can look
inside the Lumbung on a day rice is taken out” (GN2), and “Anyone can put rice into a
Lumbung, but only the owner couple can take rice out; even a child of the couple cannot do
that” (JT2). Other interviewees denied the existence of any taboo (PN1, AB1).

In terms of the symbolism associated with the Lumbung, normally, some rice sheaves placed
in the Lumbung are carefully separated from the rice for consumption by placing them on a
beam, in a basket, or else, as an offering for Dewi Sri, the goddess of rice. In some cases, the
offering rice is replaced regularly with new rice, but in others, it stays unchanged for several
decades. The detail is explained in the next section, as it is connected with the issue of the rice
types. Furthermore, a ceremony for rice harvest and storage called Mantenin is still regularly
held in particular areas, mainly in Tabanan prefecture. Although the original concept of
Mantenin seems to be a celebration of rice granaries in general, it seems to be rather exclusively
associated with the Lumbung. This notion is also explained below.

3.1.2. The Lumbung and cultivated rice

Next, we discuss how the type of cultivated rice and the survival of Lumbung are related
according to the field research results.

Paddy field rice cultivation was introduced in Bali through the Dong Son culture, which spread
across Southeast Asia around the fifth to third centuries BC [7]. Paddy field rice became the
staple food of the islanders, and paddy fields were reported to occupy 17% of the island’s area
in the 1960s [20]. Today, rice is still the fundamental food in Bali, and a meal is not considered
“proper” without rice [15]. Tubers, which are eaten as staple foods in many other tropical
regions, and bread, which was introduced through Western cultures, are also eaten but are
treated as merely snacks. Rice is also considered the best of all crops [6]. In the author’s
interview, many interviewees said that “rice is the food of human beings, but tubers are for
pigs” (such as JT1, JT3, WG1, SD1, JS1, JS2 SL2, SL3).

In present-day Bali, two types of rice are cultivated. One is the traditional “local rice (Padi
Bali)” in red and white variations, and the other is the more recently introduced normal rice
(Beras).” Along with these, the black rice Injin and red and white Ketan varieties for making
ceremonial cakes are also cultivated (for detail, see [14]). Normal rice was introduced as a part
of the BIMAS (Bimbingan Massal = group instruction) and IMMAS (Intensifikasi Massal = group
intensification) Programs promoted by the Indonesian government in 1960s and 1970s [21].
Today, normal rice production is prevalent in Bali because of its higher yields than local rice
and is promoted by the government, but in certain areas, local rice continues to be regularly
cultivated. In present-day Bali, rice can normally be harvested 2–3 times a year, and in many
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cases, local rice farmers cultivate both local rice and normal rice in rotation within 1 year (see
Table 1). Yet, some farmers still only cultivate local rice.

Tabanan prefecture is a representative and well-known area of local rice farming, and most of
these also cultivate normal rice. Among the author’s interviewees, only the farmers of
Wongayagede village cultivated local rice but not normal rice. In addition, the field research
revealed villages in other prefectures that also regularly cultivated local rice, namely Sabato
village in Gianyar prefecture and Selat and Ababi villages in Karangasem prefecture. In case
of the villages in Karangasem, only specific households of the villages continued exclusive
local rice cultivation. Among these, a household in Sabato and one in Selat cultivated local rice
only, but other households produced local rice and normal rice.

In general, those regions of continued local rice cultivation seem to originally have had high
yields of rice because of rich water sources. On the other hand, the areas that have now
completely turned to normal rice cultivation seem to have had lower rice production. Before
the introduction of normal rice, the current yields of 2–3 rice harvests per year were impossible
except in especially productive areas such as Tabanan prefecture. In other areas, farmers
rotated cultivation of rice and dry field crops such as tubers and peanuts. It is recorded in [20]
that in the 1960s, rotating cultivation was practiced in 70% of Bali’s farmlands. According to
the author’s interviews with farmers, local rice cultivation is still maintained in the few areas
where multiple rice harvests were possible even before the introduction of normal rice
introduction, whereas in the rotating-cultivation areas, which comprise the majority of
Balinese farmlands, the introduction of normal rice now enables several rice harvests a year.
In these areas, rotating cultivation with dry field crops is still conducted as needed.

The author’s field research surveyed 24 households (Table 1), and among them, 19 owned
Lumbungs. The 19 households can be categorized into three groups by their rice cultivation
patterns: (1) cultivating local rice only; (2) cultivating local rice and normal rice alternately
within one year; and (3) cultivating normal rice only. Among these groups, there seem to be
characteristic differences in the ways the Lumbungs are used. These provide a clue to under‐
standing the significance of the Lumbung in Balinese farming.

Three households in Wongayagede of Tabanan and Sebatu of Gianyar (WB1, WB2, SB1) fit
into category 1. Remarkably, their Lumbungs were extremely well-maintained with frequent
reconstructions positively introducing new material for better rice storage, such as tiled roofs
and concrete walls, as well as new decorative designs. In SB1’s case, it is notable that a new
Lumbung, in addition to an existing two, was created only 15 years ago, which rarely occurs
today. The interviewee said that the new Lumbung was needed: “Because we have too much
rice production, two Lumbungs were not enough to store it.” The older two Lumbangs were
passed on to their first son, whereas the new one was given to their second son. Formerly,
Balinese custom dictated that when a son became independent and had his own family, he
received a new granary even if he continued living in his old household with its own raised-
floor granary [11]. However, today, the custom seems to have almost disappeared because of
the shrinking number of Lumbungs, and new ones are rarely constructed. However, in the case
of SB1, the old custom was still followed in part.
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The majority of the surveyed households (11) fit into category 2 and were all in Tabanan
prefecture. The noticeable feature of Lumbung usage in these households was that although
they cultivated both local and normal rice within one year in most cases, the Lumbungs were
used exclusively to store local rice. Normal rice was stored elsewhere, such as in the main
residence or in a storage shed without a raised-floor or not constructed in the traditional style.
KS1 from the Kesambi village was the exception and stored both types of rice in the Lum‐
bung, explaining “We have only a small paddy field, and the rice production is not very high,
so we store everything in the Lumbung” (KS1). The most common explanation for the different
storage spaces for different types of rice was the difference in harvesting methods: Local rice
is picked the head, which are bundled into sheaves for storage (Figure 7), whereas normal rice
is cut at the bottom of the stalks and threshed in the field (Figure 8,9), with the grains stored
in sacks. Normal rice sacks are generally heavy (20–30 kg) and difficult to carry up a raised-
floor Lumbung, which could be one reason why only local rice is stored in the Lumbungs.
However, this cannot explain why both types of storage are maintained despite the high
maintenance costs of Lumbungs, rather than storing both local and normal rice in new sheds.
This raises the possibility of a perceptual connection between the Lumbung and local rice, rather
than a logistical necessity.

Figure 7. Harvesting local rice.
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Figure 8. Harvesting normal rice.

Figure 9. Normal rice threshing in the field.
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Five households fall into category 3, that is, only cultivating normal rice. Of these, three were
in the South Tabanan villages of Gubug and Sudimara, and one each was in the villages of
Ababi and Selat in Karangasem. In fact, these were rather exceptional cases since the majority
of farmers in Bali who cultivate only normal rice do not own Lumbungs. In these cases of
category 3, the Lumbungs were generally old and poorly maintained. In the case of SL3 in Selat
village, the Lumbung was not used at all. In the author’s 2008 interview, SL3 said “When we
switched to normal rice 10 years ago, we stopped storing new harvests in the Lumbung. Then,
3 years ago, we used up all the remaining local rice storage in the Lumbung, and it has been
empty since then. But we keep it because it was passed down from our ancestors, so we do
not dare destroy it.” However, when the author made a second visit in 2011, SL3’s Lumbung
had been replaced by a small shop (Warun) run by the family. In other cases of category 3,
Lumbungs were still used for storing normal rice, but this use did not appear to be out of
necessity. Some interviewees provided explanations: “Because I got it from my mother, I
maintain it” (AB1) and “As a Lumbung is precious, I will use it until it breaks” (SD1). These
responses indicate that Lumbungs are relics for them to maintain for the sake of tradition rather
than daily use. This conceptual shift regarding the Lumbung seems to have occurred when
normal rice was introduced, as most obviously evident in the case of SL3. The cases in category
3 again show the conceptual connection between local rice and the Lumbung.

For the comparative study, the author also interviewed some households without Lumbung in
Karangasem prefecture. In the case of SL2 of Selat village, the household cultivated both local
and normal rice in a year, and they stored local rice in a storage facility called a Tukub, which
is another traditional facility with a bamboo-thatched roof, an attic to store rice in, and a ground
floor for storing other objects. SL2 had owned it for more than 65 years. The family used to
own a Lumbung as well, but it was demolished with the introduction of normal rice cultivation
in 1970s. In three cases from Jasi village (JS1, JS2, and JS3), the interviewees were exclusively
normal rice farmers and had no memories of the Lumbung.

In summary, these examples show that the Lumbung is evidently connected with local rice
cultivation and plays an active role only in local rice production areas. According to the
author’s research, all households still cultivating traditional local rice own a Lumbung
(categories 1 and 2), and these Lumbungs are not just maintained but actively used, with regular
maintenance and refurbishing. Some Lumbungs are even elaborately decorated or remodeled
with new materials and structures. In households cultivating only local rice (category 1),
Lumbungs are used the most intensively, and even new ones are being constructed. Farmers
cultivating both local rice and normal rice (category 2) commonly store only local rice in
Lumbungs, whereas normal rice is stored elsewhere, which demonstrates an obvious connec‐
tion between the Lumbung and local rice. In contrast, in category 3, that is, those no longer
cultivating local rice, Lumbungs seem to be treated as relics or mementos rather than essential
parts of the agricultural routine; consequently, maintenance or refurbishment is rarely
performed.

Therefore, the survival of the Lumbung seems closely related to the survival of local rice
production. This view is reasonable from a historical perspective as well as the introduction
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of normal rice in the 1970s and 1980s coincides with the gradual decline in the popularity of
the Lumbung.

Next, we discuss the fundamental difference between local rice and normal rice production
routines and their connection to the Lumbung.

3.2. Comparison of production routines of local rice and normal rice

It has already been mentioned that the harvesting methods of local rice and normal rice clearly
differed, and other conspicuous differences also distinguished their production and processing
routines.

First, the tools used in their production were typically different. The most obvious difference
was in the harvesting tools. To harvest local rice, a traditional handmade picker called an
Anggapan (Figure 10) was used. It is a tool with a hand-sized wooden body and an attached
metal edge. Their shapes varied as they were made by the farmers themselves. In contrast,
mass-produced sickles (Arit) were used for normal rice harvest. Thus, traditional tools and the
production techniques were exclusively related to local rice. In addition, local rice was threshed
and dehusked with a traditional mortar (large mortar: Katungan, small mortar: Lesung) and
pestle (Luu) until 30–40 years ago (according to interviews with PN1, SL1, BB1, KS1, SB1, SL2).
Stored local rice sheaves were brought out part by part for several days’ use and threshed and
dehusked near a Lumbung. However, this work has now been almost completely replaced by
mechanical threshing and dehusking by a machine owned by the village. The shift to this
method occurred 30–40 years ago, at the same time as the introduction of normal rice, and
indeed, some interviewees concurred that machine threshing and dehusking were introduced
with normal rice (SL2, AB1).

Figure 10. Traditional handmade picker (Anggapan) for local rice.

Second, the organization of planting and harvesting also differed between the two rice types.
On the one hand, both planting and harvesting of local rice were basically conducted on a
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family basis, and normally, fewer than five people worked together in the field. Sometimes,
other farmers from the village joined to help in keeping with the traditional Gotong Royong
system, in which farmers in a village help each other, and the reward is not money but tea/
snacks and a share of the harvested rice (see also [19]). Even in these cases, however, the work
is still done on a small scale. On the other hand, planting and harvesting of normal rice were
done by a group of tenants led by a landlord, and harvesting, in particular, was done on a large
scale. Normal rice was threshed immediately after the harvest in the field, and the threshed
grains were packed into sacks, so around 10 people normally worked together for this.
However, the households farming both local rice and normal rice (those typically found in
Tabanan prefecture) used the same harvesting method for normal rice (harvesting and
threshing conducted in sequence in the field), but this work was still done on a family basis
on a small scale. This shows that the difference in work organization between local rice and
normal rice is not a mere reflection of different harvesting methods but rather a conceptual
divide: Local rice farmers today apply the family-based working style to the introduced normal
rice as well.

In connection with the work organization issue, the rhythm of annual work scheduling also
seems to differ between local rice and normal rice farmers. Local rice farmers plant and harvest
rice on a fixed schedule shared with other farmers in their village, whereas normal rice planting
and harvesting are rather random in timing, even within in a single village (for details, see [15]).
In addition, several ceremonies were traditionally performed at critical stages of the rice
production cycle by the whole village [15]. While these ceremonies are mostly no longer
observed, the village-shared scheduling of farming routines again seems to reflect a more
traditional way of farming.

In addition, the gender division in work responsibilities appeared to differ between the two
types of rice, though information collected in this study on this area is still limited. Interviewee
BB1 said “Rice harvesting has been the responsibility of women from the old times. But anyone
can harvest normal rice.” Indeed, normal rice was normally harvested by a mixed group of
men and women, according to the author’s observation, whereas almost all harvesting workers
for local rice were women. Furthermore, all interviewees said that threshing and dehusking
with a mortar and a pestle were exclusively women’s job, but this work division was discon‐
tinued when the threshing and dehusking machine was introduced. It is suggested that
traditional gender roles could have also disappeared with the introduction of normal rice and
new farming techniques.

Third, the author also conducted interviews regarding the farmers’ perceptions of the two rice
types, and, again, clear differences emerged. When asked about local rice, all the interviewees
gave positive comments such as “I love the taste” (JT1, JT3, SG1), “It contains a lot of vitamins”
(SG2, SB1, KS1), “It is filling” (JT3), “It is not easily infected by germs” (AB1, JT3), and “It does
not require much fertilizer” (AB1). It is intriguing that even AB1, who had already completely
stopped producing local rice, made such comments. In contrast, the only positive, uniform
comment all interviewees made about normal rice was “It can be harvested more quickly than
local rice.” Obviously, local rice holds special value for Balinese farmers that normal rice does
not despite the fact that normal rice production is now much more common across Bali.

Traditional Raised-Floor Granary and Rice Production Cycle in Bali: Past, Present, and Future of Balinese Agriculture
http://dx.doi.org/10.5772/62643

63



Apparently reflecting this perception, many farmers who cultivate both local and normal rice
(such as JT1, JT3, BB1, SL2, GN2) clearly distinguished the uses of the two types of rice: Local
rice was for home consumption, and normal rice was for selling outside the community. In
fact, the standard price of local rice in the market was higher than that of normal rice. According
to the interviewees the author interviewed in July 2006, local rice sold at 6000–7000 rupia per
kilogram, whereas normal rice sold for 4500 rupia per kilogram. Therefore, for profit, it would
be better to sell local rice and eat normal rice themselves, but in reality, farmers do the opposite.
This also shows the strong mental attachment to local rice among Balinese farmers. Yet, it must
be also noted that some people who were not originally farmers but started farming as a
business have recently begun cultivating local rice to sell for profit (such as PN1). This suggests
that the perceptions of Balinese rice farming are gradually shifting.

Related to the perception issue, ritual practices related to rice farming also seemed to be
influenced by the introduction of normal rice. Bali is called the “Island of the Gods” because
of the numerous ceremonies and offerings for various occasions, which are deeply rooted in
Balinese daily life. There are also a number of ceremonies associated with rice farming (see
[15]), though some of these, particularly village-based ceremonies, are no longer regularly
practiced, as mentioned above. Mantenin, the ceremony for rice granaries after a new harvest,
is one of the farming ceremonies still practiced with certain regularity but only in households
with a traditional Lumbung. Furthermore, these ceremonies are observed differently among
such households, depending on the types of rice they cultivate. Basically, when a family
cultivates local rice, they regularly hold Mantenin. Even in the case of SL2, who cultivated local
rice but replaced the household’s Lumbung with another traditional storage facility (a Tukub),
Mantenin was observed, albeit on a small scale. In cases of families cultivating both local and
normal rice, while Mantenin was observed for harvests of both types of rice, the scale of the
ceremony was smaller with normal rice (JT1, GN1). In households that owned Lumbungs but
no longer cultivated local rice, the situation varied. SD1 reported using both a Lumbung and a
modern storehouse for normal rice and observing Mantenin for both storage facilities. How‐
ever, the ceremony was much simpler with the modern storehouse, as the author directly
observed. GB1 reported a similar situation of using a Lumbung for normal rice, but they had
stopped holding Mantenin. Instead, they conducted a ceremony for the goddess Dewi Sri, who
is believed to reside in the Lumbung, twice a year regardless of the actual harvest timings.
Furthermore, in the case of SL3, who owned a Lumbung but did not use it, they stopped holding
Mantenin at the same time they stopped cultivating local rice. This suggests that the regular
and proper observance of Mantenin depended on the presence of local rice production rather
than that of a Lumbung itself. It is noted in [6] that Balinese people did not practice farming
ceremonies for cash crops despite their deeply rooted tradition of farming ceremonies. The
simplified Mantenin for normal rice may reflect the local perception of normal rice as more like
a cash crop than a subsistence one.

In addition, it is notable that the rice placed in a Lumbung as an offering for Dewi Suri was
exclusively local rice, even when normal rice was stored in the Lumbung. Among those the
author interviewed about the offering rice, WG1, BB1, JT1, and SB1 were local rice producers
who stored only local rice in Lumbungs. In their cases, not only was local rice the offering but
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also the offering activities seemed comparatively frequent. WB1 headed a household that
cultivated local rice only, and they offered fresh rice from every harvest, or every 6 months.
BB1, JT1, and SB1 grew both local and normal rice but stored only the former in a Lumbung.
BB1 reported adding fresh rice little by little to the existing offering rice during every local rice
harvest. The rice added was picked just before starting the harvest. When the amount of the
offering rice become too large, the whole offering rice pile was removed from the Lumbung
and burnt, and the ash was scattered in the paddy field. In JT1’s Lumbung, approximately 1 kg
of local rice was placed as an offering, and although the rice was not regularly replaced, it was
regularly removed for the annual Mesabe ceremony offered at a temple and returned to the
Lumbung after the ceremony. In SB1’s Lumbung, five or six sheaves of local rice were placed as
an offering and kept there for a “long time” (SB1) but regularly taken out as offerings for
various ceremonies.

KS1 was also a local and normal rice producer and, in contrast to other such farmers, stored
both types of rice together in the Lumbung, as mentioned above. However, although both types
of rice were stored in the Lumbung, rice for offerings in the Lumbung exclusively had to be local
rice. The offering rice was replaced over a period of several years.

SD1 did not produce local rice at all and stored normal rice in the Lumbung. Nevertheless, SD1’s
offering rice in the Lumbung was local rice, though quite an old stock. They stopped cultivating
local rice in 1965, but following the will of the interviewee’s father, who had died “30 years
ago” (SD1), a basket of local rice was kept in the Lumbung as an offering “till it crumbles away”
(SD1). Again, the offering rice in these different cases showed that the custom is still a part of
daily life for local rice farmers but only a traditional relic for normal rice farmers.

Above all, it can be said that the introduction of normal rice not only resulted in the shift in
the type of cultivated rice but also led to the erosion of traditional farming routines, tool
making, work organization, gender-based labor divisions, and ritual practices. On the basis of
these field research results, we now discuss the reasons for the disappearance/survival of the
Lumbung and their meaning.

4. Discussion: what is the significance of the Lumbung?

The preceding discussion raises the question of the nature of connection between the Lum‐
bung and local rice. The authors’ field research revealed that the routine of local rice production
was significantly different from that of normal rice production. Local rice was harvested by a
handmade tool, the Anggapan, and the sheaf was dried and stored in a Lumbung. The work was
generally done on a family basis. On the other hand, normal rice was harvested by a mass-
produced Arit, and the grains put into sacks and stored in a non-traditional storehouse.
Because normal rice harvesting and threshing were carried out together, related labor tended
to be on a larger scale and commonly involved a large group of tenant farmers. In addition,
traditional gender-based divisions of labor and mutual supporting systems in communities
were more visible in the local rice production area. Differences between the two types of rice
were also reflected in the rituals surrounding rice storage. Specifically, traditional ceremonies

Traditional Raised-Floor Granary and Rice Production Cycle in Bali: Past, Present, and Future of Balinese Agriculture
http://dx.doi.org/10.5772/62643

65



and taboos were retained with the Lumbung but were not observed with normal rice storage
facilities.

In summary, it appears that agricultural activities associated with local and normal rice form
coherent circles (Figure 11). All elements involved in local rice production, such as working
style, utilities, and tools used, seem to be based on tradition. On the other hand, activities for
normal rice production seem to be based on the concept of efficiency, positively introducing
new styles of work. It is thus likely that the Lumbung can find a reason to exist as a part of the
traditional cycle of local rice but cannot accommodate the efficiency circle of normal rice. This
explains why Lumbungs started to disappear at the same time local rice cultivation disap‐
peared, while their active use in local rice cultivation continues.

Figure 11. Conceptual circles concerning local rice and normal rice.

Moreover, it seems that each of the two coherent circles is sustained by different shifts in the
mentality of Balinese people. In interviews, farmers often expressed a strong mental attach‐
ment to local rice, even those who no longer cultivated it, describing it as “tasty,” “good,”
“nutritious,” and so on. Almost all the farmers said that they would like to eat local rice as
much as possible. In contrast, no value was attached to normal rice other than its being
“productive.” Indeed, among farmers mix-cultivating local and normal rice, many said that
they saved local rice for their own consumption and sold normal rice commercially. This
reflects the perception of local rice as real food and normal rice as more of a cash crop. The
general consensus was that because local rice is real food, it is produced in a more “real” way
using traditional facilities and tools and proper ceremonies, whereas with people do not care
about normal rice and thus change their production methods for greater efficiency.
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Above all, the traditional circle of local rice seems to be sustained by the Balinese people’s idea
of “real rice production,” and the Lumbung, which is the most visible factor in the circle in the
everyday landscape, symbolizes the idea. Therefore, if Lumbungs are properly protected and
presented in the planning of the Balinese landscape, it can be usefully connected to the
protection of Balinese farming culture and people’s motivation to farm.

5. Prospects: promotion of agriculture in Bali and the Lumbung

In modern-day Bali, the decrease of farmlands and populations under the pressure of the
tourism industry is a serious problem. To promote rice farming, it would be effective to protect
local rice cultivation and Lumbungs as part of the whole agricultural landscape and to encour‐
age local people to work with these to affirm their own cultural identity.

Although rice terraces in Tabanan and Gianyar are among the most popular and highly
promoted sightseeing spots, Lumbungs, which are an indispensable factor in traditional rice
farming, are not sufficiently promoted or protected. Traditional and characteristic styles of
store houses also exist in other parts of the world, such as the yam house in Papua New Guinea
and the Takakura raised-floor granary in the Amami Oshima Island, Japan [18, 22]. Because of
their distinctive shapes, these store houses are heavily promoted as symbols of local culture
(e.g., the miniature models are sold as souvenirs, and the models are displayed in important
places such as airports of the Amami Oshima Island, the Papua New Guinean Diet Building,
and sightseeing spots of those areas). On the other hand, Bali’s Lumbungs are not as well
promoted. At present, they are treated as cultural icons only in limited areas, such as the
Lumbung display at some souvenir shops around Ubud and a new Lumbung-shaped hotel by
the Bali Nature Land in Gunungsaridesa, Tabanan. It will be useful to promote the Lumbung
as a Balinese cultural symbol more broadly because it can contribute much to those who
consider agricultural work their own cultural identity and promote agriculture along with
tourism.
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Abstract

Tropical legumes such as cowpea (Vigna unguiculata) and tepary bean (Phaseolus acutifolius)
are important in traditional smallholder cropping systems, particularly in sub-Saharan
Africa. Both legumes are adapted to harsh environments including extreme tempera‐
tures, drought and poor soil fertility. They provide affordable sources of protein for human
consumption and are valuable for income generation. These crops contribute significant‐
ly to soil fertility improvement through biological nitrogen fixation. In many parts of
Africa, the productivity of these legumes is generally low partly because farmers grow
unimproved varieties that are often produced for subsistence purposes on poor soils in
mixed cropping systems with limited production inputs. Therefore, this research was
designed to evaluate the potential of two distinct mutation breeding approaches in creating
useful genetic variation in the two legumes in order to improve the agronomic attrib‐
utes of both crops. The variation was determined by measuring a range of agronomic
traits at both the seedling and adult plant stages. The results showed significant genetic
variation among cowpea mutants that were induced with various doses of gamma
radiation as well as among tepary bean mutants that were induced with a chemical
mutagenic agent, ethyl methanesulphonate (EMS). The optimum doses at LD50 for two
cowpea genotypes (Nakare and Shindimba) were ≤200 Gy while the third genotype (Bira)
tolerated a dose three-fold higher. In the EMS mutagenesis of tepary bean, the estimat‐
ed LD50 was ≤2.4% EMS (v/v). In both approaches, percent seed germination decreased
with increased dose and the coefficients of determination for the linear functions were
high (>75%), suggesting that there were notable associations between the reduction in
seed germination and the concentration of the mutagen. At the adult plant stage, tepary
bean showed that the mutant generation significantly (P < 0.05) influenced positively the
important agronomic traits such as shoot dry weight, number of pods per branch and
seed size. Dose effects were also significant for seed size. The field trials conducted in
Zimbabwe showed >10.0% increase in both seed size and grain yield potential of some
mutant cowpea genotypes compared with the standard check. These findings provide
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reference  doses  for  large-scale  gamma  irradiation  of  cowpea  as  well  as  chemical
mutagenesis for tepary bean. In addition, the germplasm produced from these ap‐
proaches has the potential for selection in a range of agro-ecological conditions across the
region, thus creating alternative cropping systems for the smallholder growers.

Keywords: cowpea, genotype, legumes, mutagenesis, tepary bean

1. Introduction

Tropical legumes such as cowpea (Vigna unguiculata) and tepary bean (Phaseolus acutifolius) are
important in traditional smallholder cropping systems, particularly in sub-Saharan Africa. Both
legumes are adapted to harsh environments including extreme temperatures, drought and poor
soil fertility [1–3]. Cowpea was domesticated in Southern Africa where its wild relatives are
found [4] and it is cultivated widely in many countries in the region including Namibia, South
Africa and Zimbabwe. In contrast, tepary bean is indigenous to the south-western parts of the
United States and Mexico [5], but spread to many African countries including Botswana, Kenya,
Malawi, South Africa and Zimbabwe where smallholder farmers use unimproved landraces of
the crop. The grain of both cowpea and tepary bean provide affordable sources of protein for
human consumption and are valuable for income generation, particularly in the smallholder
cropping systems in southern Africa. In addition, the legumes contribute significantly to soil
fertility improvement through biological nitrogen fixation [6,7] and are often produced in
intercrops with maize (Zea mays), sorghum (Sorghum bicolor) and millets (Pennisetum spp.) that
are popular in the region.

Despite these important uses, the productivity of these legumes is generally low (<500.0 kg/
ha), partly because farmers grow unimproved varieties which are often produced for subsis‐
tence purposes on poor soils in mixed cropping systems with limited production inputs. In
addition, the genetic base of each of these legumes is narrow, particularly for exploiting
important economic traits such as grain yield and tolerance to insect pests. However, mutation
breeding has the potential to generate unique genetic variations in crops that can be exploited
by plant breeders in the development of new cultivars [8]. The success of mutation breeding
has been reported widely in legumes [9–13], cereals [14,15] and several other crops such as
sunflower [16], cassava [17] and oilseed rape [18]. In mutation breeding, artificial mutagenesis
is induced on crop germplasm using various types of mutagenic agents such as gamma rays
or ethyl methanesulphonate (EMS) followed by selection of useful traits from the resulting
mutants. The approach has the potential to produce desirable results faster than conventional
plant breeding methods [19]. In this chapter, we present research work which was designed
to evaluate the potential of two distinct mutation breeding approaches in creating useful
genetic variation in cowpea and tepary bean in order to improve the agronomic attributes of
both crops. The development of improved cultivars of these legumes using diverse germplasm
from southern Africa will benefit breeding programs as well as growers and end-users in the
region.
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2. Materials and methods

The study consisted of three components involving separate artificial mutagenesis of batches
of cowpea seeds and tepary bean, followed by evaluation of seedlings under greenhouse or
laboratory conditions. In addition, the agronomic field performance of both cowpea and tepary
bean mutants was conducted. The field evaluation of cowpea mutant lines utilized distinct
agro-ecological conditions in Zimbabwe (Table 1). The early generations of tepary bean
mutants were evaluated at a representative location in the semi-arid region of northern South
Africa.

Test location Co-ordinates Soil type Annual
rainfall (mm)

Summer
temperatures (°C)

Thohoyandou
(South Africa)

22°58'S; 30°26'E Red well- drained,
clay

500 to 920 22–40

Gwebi Variety Testing
Centre
(Zimbabwe)

17°41’S 30°32’E Red clay 700–1000 17–30

Save Valley Research
Station
(Zimbabwe)

21°02’S 31°57’E Alluvial <450 15–37

Matopos Research Station
(Zimbabwe)

20°24’S 28°28’E Black clays 450–650 15–29

Table 1. The characteristics of the test locations used in the study.

2.1. Cowpea genetic material and its mutagenesis

In the first part of the study, batches of about 150 seeds (in three replications) of each of three
cowpea genotypes (Nakare, Shindimba and Bira) were gamma-irradiated at the facility at the
International Atomic Energy Agency (IAEA), Agriculture and Biotechnology Laboratory
(Austria) using a range of irradiation doses (0, 100, 200, 300, 400, 500 and 600 Gy) [20] in order
to determine the optimum irradiation level causing optimum mutation frequency and
subsequently planted in a greenhouse. Similarly, the M1 seed of one cowpea genotype (CBC-1,
originating from Zimbabwe), which was gamma-irradiated at the same facility in Austria, was
planted in the greenhouse initially in order to raise M2 plants. Subsequent successive genera‐
tions (from which several experimental lines were isolated) were raised at the Crop Breeding
Institute (Harare, Zimbabwe).

2.1.1. Seedling evaluation and measurements

The mutagenized seeds (M1) were planted in a greenhouse at the IAEA (Austria) in seedling
trays with a medium consisting of peat, sand and vermiculate at a ratio of 2:1:1, respectively.
The temperature and photoperiod in the greenhouse were maintained at 28.0°C and 12.0 h,
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respectively. The soil moisture was maintained by watering twice per week. A completely
randomized experimental design with three replications was used for the study. The percent
germination (%G) was measured 7 days after planting, but the epicotyl and hypocotyl lengths
were measured 14 days after planting. The measurements that were obtained for the %G were
used for determining the LD50 for each genotype which was estimated with the aid of a linear
regression model using a simple straight line equation y = mx + c [where: y = the response
variable (%G), x = the independent variable (irradiation dose); m = the slope and c = the
constant].

2.1.2. Field evaluation and measurements

Fourteen M6 cowpea mutant genotypes together with two standard checks were evaluated in
the field at three distinct locations in Zimbabwe (Table 1). The seed of each genotype was
planted in two-row field plots spaced at 0.45 m apart × 0.15 m intra-row spacing and arranged
in a randomized complete block design replicated four times. Standard cowpea management
practices were followed at Gwebi Variety Testing Centre (G.V.T.C.) and Matopos Research
Station (M.R.S.). The field trial at Save Valley Research Station (S.V.R.S.) was conducted during
the off-season period in winter under irrigation. The location experiences no frost in winter.

At each location, six agronomic traits were measured as follows:

(i) duration to 50.0% flowering (50%DF) (ii) duration to 95.0% maturity (95%DM) (iii) number
of pods per plant (NPP) (iv) number of seeds per pod (NSP) (v) 100 seed weight (100-SW) and
(vi) grain yield (GY).

2.2. Tepary bean genetic material and its mutagenesis

Three genotypes of tepary bean (GEN-1; GEN-4; GEN-6) that were obtained originally from
growers in Sekhukhune District (Limpopo Province, South Africa) were used in the study.
These genotypes were self-fertilized for five cycles in order to maximize homozygosity prior
to chemical mutagenesis. The selfing was conducted in the greenhouse at the University of
Venda (Thohoyandou, South Africa). The seed mutagenesis was conducted at the University
of KwaZulu Natal (Pietermaritzburg, South Africa). A sample of healthy clean seeds (approx‐
imately 250) of each genotype was surface-sterilized by soaking in 70% ethanol for 1 min and
rinsing three times followed by soaking in 30% sodium hypochlorite bleach solution (2%
NaOCl) for 10 min before rinsing again three times in tap water. The seed was then soaked in
distilled water for 12 h at room temperature. Each seed sample was partitioned into smaller
batches (containing about 50 seeds each) and placed in specially designed sachets made of
nylon mesh (measuring about 7.0 cm in width × 11.0 cm in length) [21]. The seed was trans‐
ferred to aqueous solutions of varying doses (0.0, 0.5, 1.0, 1.5, 2.0 v/v) of EMS and incubated
at room temperature for 1 h after which the treated seed was rinsed under running tap water
for 2 h in order to remove the excess EMS and enable safe handling. A portion of the M1 seed
(75%) was used for evaluating the seedling traits while the remainder was planted in the
greenhouse in order to raise the M2 to M4 seed for the subsequent field evaluation.
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2.2.1. Seedling evaluation and measurements

The mutagenized seed samples (M1) were germinated in plastic jars (7.5 cm diameter × 8.0 cm
height, lined with moist filter paper at the base) in the laboratory at room temperature. At the
first initiation of the first trifoliate leaf, several seedling traits were measured including (i)
percent seed germination (%G), (ii) number of secondary roots (NSR), (iii) primary root length
(PRL) (mm), (iv) secondary root length (SRL) (mm) and (v) shoot height (mm) (SHT).

2.2.2. Field evaluation and measurements

The seed of each treatment combination (generation × genotype × dose) was planted separately
(in plots spaced at 0.1 m within the row and 0.6 m between the rows) in the field under rain-
fed conditions. A three-factorial arrangement laid out in a randomized complete block design
was used in the study. At the reproductive stage or maturity, a range of agronomic attributes
were measured including the (i) number of primary branches per plant (NPB) (ii) pod length
(PL) (iii) shoot dry weight (SDW) (iv) 100 seed weight (100-SW).

3. Results and discussion

3.1. Seedling performance of cowpea mutants

A significant (P < 0.01) interaction occurred between cowpea genotypes and gamma radiation
doses, suggesting that there were differential responses to the irradiation doses among the
cultivars. The %G decreased drastically with increased irradiation dose in all the three
cultivars. At 600.0 Gy, seed germination (47.9%) occurred only in cultivar ‘Bira’. The highest
LD50 (689.00 Gy) was observed for cultivar ‘Bira’ (Table 2), which suggested that this cultivar
was the most resistant to gamma radiation.

Cowpea cultivar Linear equation LD50 (Gy)

Nakare y = −0.17x + 78.09 165.24

Shindimba y = −0.16x + 81.79 198.69

Bira y = −0.08x + 105.12 689.00

Table 2. The LD50 of three cowpea cultivars that were irradiated with gamma rays in order to induce mutation.

Radiation doses >200.0 Gy significantly reduced the epicotyl and hypocotyl lengths in both
‘Nakare’ and ‘Shindimba’, but at 0.0 Gy the longest epicotyl (3.11 cm) and hypocotyl (6.71 cm)
were observed in the cultivar ‘Nakare’ [20]. In general, both the epicotyl and the hypocotyl
lengths decreased as the gamma irradiation doses increased. Between 400.0 and 600.0 Gy, the
hypocotyl growth occurred only in cultivar ‘Bira’.

The coefficient of determination (R2) estimated from the linear regression equations for both
traits were high (ranging from 76.0–93.0%), suggesting that there was a notable association
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between the reduction of epicotyl and hypocotyl lengths due to increased radiation doses.
These results showed genotypic variation in tolerance to gamma radiation with ‘Bira’ tolerat‐
ing the heaviest doses of radiation. Therefore, from a crop improvement standpoint, it is critical
to determine the optimum dose of irradiation for each candidate cowpea genotype prior to
large-scale blanket mutagenesis with the gamma radiation approach. Ideally, the irradiation
doses for generating useful mutants in crop improvement programs should be within ±5 units
of the experimentally determined optimal dose [17]. Nonetheless, induced mutations are
random events such that, in all probability, their reproducibility in each candidate genotype
with the same mutagen is highly unlikely.

3.2. Agronomic field performance of cowpea mutants

During the advancement of the mutagenized generations, the cowpea mutants derived from
‘CBC-1’ using gamma radiation revealed two notable phenotypes namely earliness (Figure 1)
and above canopy pod development (Figure 2). Early maturity is particularly important as a
mechanism for escaping drought. There were significant (P < 0.05) differences only in the
duration to 50.0% flowering (50%DF) and grain yield (GY) over the three consecutive cropping
seasons (starting from 2012/2013) at G.V.T.C. in Zimbabwe. This indicated that, to all intents
and purposes, the majority of the useful agronomic traits of the mutants were stable after the
M5 generation. At the location, the highest grain yield (0.87 t/ha) was attained by the mutant
line ‘CM/250/M6-6’. In all the selected elite lines, the desirable traits were induced by using a
relatively low-range (150.0–250.0 Gy) dose of gamma radiation in the original parental line
(CBC-1).

The results also showed that there was no significant variability for the duration to 95.0%
maturity (95%DM) or the number of pods per plant (NPP) or the number of seeds per pod
(NSP), suggesting that the selected elite lines were uniform with regard to these traits.
However, the mean NPP (9.0) was considerably lower in comparison with observations from
other studies [22]. In a similar study that evaluated cowpea M1 genotypes, the NPP was
reduced from 43 to 17 by exposure to 400.0 Gy [9]. However, the mean NSP was consistent
with other findings [23].

Figure 1. Some cowpea mutant lines showed early maturity.
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Mutant line 50%DF 95%DM NPP NSP 100-SW (g) GY (t/ha)

CM/200/M6-2 60.00 a 95.66 a 21.33 a 15.33 a 14.33 abc 1.19 a

CBC-2 59.00 a 95.66 a 21.33 a 15.00 a 12.67 c 1.43 a

CM/250/M6-5 59.00 a 95.33 a 22.33 a 15.33 a 15.67 a 1.57 a

CM/250/M6-2 59.67 a 97.33 a 23.00 a 14.00 a 13.33 bc 1.21 a

CM/150/M6-1 60.67 a 97.33 a 28.00 a 15.00 a 15.67 a 1.72 a

CM/200/M6-3 60.67 a 95.33 a 22.33 a 14.00 a 15.67 a 1.15 a

CM/250/M6-1 59.67 a 95.67 a 21.67 a 13.67 a 15.00 ab 1.21 a

CM/250/M6-7 58.00 a 94.33 a 14.33 a 14.00 a 15.00 ab 1.28 a

CM/250/M6-4 60.67 a 94.33 a 22.67 a 15.00 a 15.00 ab 1.24 a

CBC-1 61.00 a 95.33 a 21.33 a 15.67 a 15.00 ab 1.29 a

CM/150/M6-3 60.33 a 96.33 a 18.33 a 14.33 a 14.33 abc 1.16 a

CM/200/M6-4 58.00 a 95.00 a 21.67 a 14.00 a 13.67 abc 1.38 a

CM/150/M6-2 59.33 a 94.33 a 18.33 a 13.33 a 15.33 ab 1.32 a

CM/200/M6-1 58.67 a 95.00 a 23.00 a 15.00 a 14.33 abc 1.41 a

CM/250/M6-6 61.00 a 94.67 a 18.00 a 13.33 a 14.33 abc 1.36 a

CM/250/M6-3 60.00 a 95.67 a 19.00 a 14.33 a 15.00 ab 1.21 a

Mean 59.73 95.46 21.02 14.46 14.64 1.32

C.V. 2.24 1.47 22.08 8.71 7.90 23.85

Significance NS NS NS NS * NS

Means followed by the same letter in each column are not significantly different (P < 0.05).
NS = not significant at the 5.0% probability level; * = not significant at the 5.0% probability level.
[50%DF = duration to 50% flowering; 95%DM = duration to 95% maturity; NPP = number of pods per plant; NSP =
number of seeds per pod; 100-SW = 100 seed weight; GY = grain yield].

Table 3. Mean performance of cowpea M6 experimental lines over two cropping seasons at the Matopos Research
Station (Zimbabwe).

Figure 2. Cowpea pods developed above the canopy in some mutant lines.
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At M.R.S., the highest yield was attained by the experimental cultivar ‘CM/150/M6-1’ (Ta‐
ble 3). The average NPP (21.0) increased by more than two-fold (Table 4) while both the
50%DF and the 95%DM increased markedly in comparison with the other two locations,
suggesting that the agro-ecological conditions were more favourable at this location than at
G.V.T.C. for this sample of cowpea experimental lines. This trend was more apparent when
the germplasm was evaluated during winter but under irrigation at the S.V.R.S. where all
the genotypes attained >4.0 t/ha grain yield (Figure 3). The line ‘CM/150/M6-1’ achieved the
highest (6.36 t/ha) which represented almost 20.0% grain yield advantage over the check cul‐
tivar. In addition, four genotypes achieved >10.0% higher grain yield over the check cultivar
‘CBC-2’ (Figure 4). These results demonstrated the potential of the newly developed geno‐
types to increase the productivity of cowpea significantly particularly under favourable con‐
ditions such as those at S.V.R.S.

Test location 50%DF (d) 95%DM (d) NPP NSP 100-SW (g) GY (t/ha)

Gwebi Variety Testing Centre 53.50 78.78 9.00 11.78 13.91 0.75

Matopos Research Station 59.73 95.46 21.02 14.46 14.64 1.32

Save Valley Research Station 86.63 129.25 19.06 12.13 14.19 5.49

Table 4. Mean performance of cowpea M6 experimental lines at three locations in Zimbabwe.
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Figure 3. The grain yield of cowpea M6 experimental lines at three locations in Zimbabwe.
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Figure 4. The yield advantage of the best four cowpea M6 experimental lines over the check cultivar (CBC-2) that were
evaluated at the Save Valley Research Station (Zimbabwe) during winter under irrigation.

3.3. Seedling performance of tepary bean mutants

In the study that evaluated the traits that are associated with seedling vigour in tepary bean,
the %G declined with increased EMS dose in all the three genotypes, indicating that the
chemical mutagen depressed seed germination in tepary bean; hence, the mutagenesis of
tepary bean with EMS is unlikely to improve seed germination in the species. ‘GEN-6’ attained
the highest (84.4%) seed germination at 0.5% EMS (v/v) while ‘GEN-4’ achieved the lowest
(48.9%) seed germination at 2.0% EMS (v/v). The highest LD50 was estimated to be 3.37% EMS
dose (v/v) for ‘GEN-3’ while ‘GEN-6’ achieved the lowest (2.26 % EMS dose v/v) (Table 5).
This suggested that each genotype has a specific optimum dose that induces useful mutations
that can be exploited in tepary bean breeding. In addition, the coefficients of determination for
each of the linier functions were high (>75%), indicating that there was a notable association
between the reduction in seed germination and the concentration of EMS.

Tepary bean genotype Linear equation LD50

(%EMS)

GEN-3 y = −13.56x + 95.76 3.37

GEN-4 y = −15.98x + 92.88 2.68

GEN-6 y = −19.98x + 95.08 2.26

Table 5. The LD50 of three tepary bean genotypes that were treated with ethyl methanesulphonate to induce mutation.

The shoot height (SHT) varied with EMS dose within the genotypes (Figure 5). In comparison
with the seedlings of the control (0.0% EMS), the SHT in both ‘GEN-3’ and ‘GEN-4’ increased
by more than 30.0% at the 0.5% EMS but decreased steadily thereafter. In contrast, the SHT in
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‘GEN-6’ was reduced consistently between 0.5 and 1.5% EMS (v/v). Similar studies in other
crops also revealed that seedling height decreased with increase in EMS dose [24,25]. With the
exception of the PRL, there were significant (P < 0.05) differences due to dose effects among
the seedlings in all the attributes that were evaluated (Table 6). The mean length of the primary
roots among the seedlings was >40.0% of the SRL, but on average the SRL was markedly
stimulated at 0.5% EMS (v/v).

Figure 5. Variation in the shoot height and the number of secondary roots of the tepary bean seedlings within geno‐
types. (The numbers in bold below each seedling represent the corresponding EMS dose treatment.)

%EMS dose (v/v) %G NSR PRL SRL SHT

0.0 100.0 a 20.56 ab 60.22 a 23.22 bc 67.11 a

0.5 79.99 b 30.10 a 53.15 a 68.92 a 83.16 a

1.0 73.32 bc 29.97 a 77.30 a 26.11 b 58.00 ab

1.5 74.16 b 15.92 bc 52.74 a 19.18 bc 34.83 bc

2.0 60.00 c 8.34 c 20.37 b 6.89 c 26.08 c

Means followed by the same letter in each column are not significantly different (P < 0.05). [%G = percent seed
germination; NSR = number of secondary roots; PRL = primary root length; SRL = secondary root length; SHT = shoot
height].

Table 6. The main effects of ethylmethane sulphonate dose on five attributes of seedling vigour in tepary bean.

The number of secondary roots (NSR) generally increased by >45.0% at 0.5 and 1.0% EMS (v/
v) dose. Both the maximum (39.0) and lowest (4.0) number of lateral roots were observed for
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‘GEN-4’ at 0.5 and 2.0% EMS (v/v), respectively. In addition, the untreated seedlings of ‘GEN-4’
developed 50.0% fewer secondary roots than the untreated seedlings of the other two geno‐
types but trebled the NSR on treatment with 0.5% EMS (v/v) (Figure 6). A highly significant
(P < 0.01) positive linear relationship was observed between the PRL and the NSR. The NSR
also showed a positive significant linear relationship with the SHT, indicating that the
seedlings which produced many lateral roots also developed relatively tall shoots.

Figure 6. The effect of varying doses of ethyl methanesulphonate on the number of secondary roots in the seedlings of
three tepary bean genotypes (G-3 = GEN-3; G-4 = GEN-4; G-6 = GEN-6).

3.4. Field performance of tepary bean mutants

At the adult plant stage, there was a significant (P < 0.05) influence of the mutant generation
on the NPP, SDW as well as 100-SW. A significant effect of the mutant generation on the NPP
was also reported previously in EMS derived horsegram genotypes [28]. The genotype
significantly (P < 0.05) influenced the PL but not the seed size. Similarly, the dose of EMS
showed significant (P < 0.05) on both the PL and the seed size. However, the seed size was
relatively small (<10.0 g per 100 seeds) compared to the size reported for tepary bean in other
studies [29].

Because of the limited number of tepary bean genotypes used in the study, it was difficult to
make firm conclusions about its response to EMS, but the results suggested that the mutagen
suppresses seed germination and can increase the number of secondary roots in this legume.
Therefore, from a plant breeding point of view, the treatment of tepary bean seed with EMS
is unlikely to improve seed germination but could increase the number of lateral roots. In
previous studies, the number of lateral roots (or profuse branching) and the root length (or
capacity for deep rooting) were associated with tolerance to drought in tepary bean or common
bean [30–32].
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4. Conclusions

These findings provide reference doses for large-scale gamma irradiation of cowpea as well
as chemical mutagenesis for tepary bean. In addition, the germplasm produced from these
approaches has the potential for selection in a range of agro-ecological conditions across the
region, thus creating alternative cropping systems for the smallholder growers. The field trials
under irrigation indicated that cowpea can be produced during the off-season, thus providing
more options for legume farmers and enhancing food security in the region. In future, it will
be interesting to investigate the impact of radiation on the nutritional attributes of these two
legumes. In addition, a study of the genetic control of the sensitivity of cowpea to gamma
radiation could provide valuable information about its genetic manipulation. The contrast in
radio-sensitivity between the cowpea genotypes observed in this study could provide ideal
parental combinations for generating segregating progenies for the genetic study of the trait.
The effects of mutagenesis using either of the techniques on pest resistance (for instance, to
weevils) in diverse germplasm of the two legumes could also be interesting.
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Tomato Production with Cover Crops in Greenhouse
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Abstract

One of the ways to reduce chemical fertilizer application is the use of cover crops, which
improve soil properties and supply nutrition to subsequent crops. Hairy vetch (Vicia villosa
R.; HV) is one of the processing legume cover crops. A similar yield of fresh marketable
tomato (Solanum lycopersicum L.) was obtained in the soil with HV mulch and incorpora‐
tion even if the reduction of chemical N fertilizer input compared with the convention‐
al production with 240 kg-N/ha fertilizer in the greenhouse from 2006 to 2012. Using 15N-
labeling method, HV residue incorporated into soil was decomposed rapidly for about 1
month and N released from HV residue was absorbed into the tomato plant. Nitrogen
was absorbed by tomato through out production period. The rate of N uptake derived
from HV to total N uptake in tomato plants (%Ndfhv) in the small amount N fertilizer was
higher than that with high amount of N fertilizer application. It ranged from 24.8% in 240
kg-N/ha to 37.1% in no N fertilizer. The nitrogen use efficiency (NUE) from HV-derived
N by tomato plant reached about 50% during the tomato production with HV incorpo‐
ration. Other 50% of HV-derived N remained in the soil and 4% of were absorbed by
tomato in the next year’s production. HV has the possibility of alternative material for
basal N fertilizer to ensure the tomato growth of early period after transplanting, and
continuous supply of N is necessary to late stage of tomato. The combined system of
incorporation of HV cultivated at the seeding density of 20–50 kg/ha before tomato planting
and the slow released N fertilizer was established for the reduction N fertilizer applica‐
tion and obtaining conventional tomato yield in plastic house.

Keywords: cover cropping, hairy vetch, nitrogen, nitrogen dynamics, tomato

1 Introduction

1.1 Management of fertilizer application in tomato production in plastic house

More than 70% of fruit  vegetables including tomato were repeatedly produced with the
application of much amount of chemical fertilizer in plastic house in Japan, and salt accumula‐

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



tion and injury by continuous cropping became serious problems. Excessive N input causes
extra N accumulation in the soil [1], as a result of environmental pollution, such as nitrate leaching
and greenhouse gas emission occur [2].  For the establishment of sustainable greenhouse
production, reducing fertilizer inputs and proper applications are required.

Because tomatoes are produced with N application by basal and side-dressing fertilizer in
practice, the dynamics of N derived from basal, side-dressing fertilizer, and soil in the plant
are complicated, and real-time nutritional diagnosis was developed [3, 4].

Side dressings of fertilizer combined with diagnosis of nutrient conditions are popularly
carried out in production areas [4, 5]. Leaf petioles below the first fruit cluster or upper fruit
cluster with 2–4 cm size tomatoes are used as material for the nitrate analysis. Nitrate concen‐
tration of ca 3000–4000 ppm was reported to be an appropriate concentration for vegetative
growth in tomato.

Controlled release fertilizer, the so-called slow-release fertilizer, is applied at the beginning of
tomato production to reduce application work. These fertilizer management methods con‐
tribute to proper nutrient application in tomato production. However, for sustainable tomato
production in greenhouses or plastic houses, soil properties have to be improved and be
healthy in addition to proper N fertilization.

1.2 Advantage of cover cropping

Planting a cover crop is one of the biological tools used for sustainable crop production, which
has the effects of N supply [6], increasing organic soil carbon [7], improving soil physical
properties [8], and so on. Among the various kinds of cover crops, hairy vetch (Vicia villosa R.;
HV), legume crop, is one of the important species. HV residues can supply plenty of N due to
its efficiency in biological nitrogen fixation [9, 10]. HV also has other advantages, such as
adaptability to low temperatures, resistance to pests, delaying senescence, covering ground
surface effectively, and fitness for vegetable production, particularly in rotation with tomatoes
[11]. Araki et al. [7] also reported that utilizing HV could reduce chemical N fertilizer inputs
to half of the recommended amount without yield reduction in tomato production. Such results
showed that HV had potential as an alternative fertilizer to chemical N fertilizers.

The N release pattern from inorganic or organic fertilizer has to be synchronized with crop
demands for proper application [12]. Yaffa et al. [13] have shown the synchronization of tomato
N uptake and N release from cover crops; the tomato N uptake increased after the increase of
soil inorganic N, followed by a decline. On the other hand, Kumar et al. [11] reported that
because N release from white clover residues was faster under rotary hoeing treatment, it was
not synchronized with the N demand of wheat during its early growth period and resulted in
minimum N-benefits. We have to investigate the N supply pattern when HV was introduced
in tomato cropping in plastic house.

Non-legume cover crops are higher in carbon than legume cover crops. Because of their
high carbon content, grasses break down more slowly than legumes, resulting in longer-last‐
ing residue. As grasses mature, the carbon-to-nitrogen ratio (C:N) increases. This has two
tangible results: The higher carbon residue is harder for soil microbes to break down, so the
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process takes longer, and the nutrients contained in the cover crop residue usually are less
available to the next crop.

2 Tomato production with cover crops, 2006–2012

2.1 Field preparation and chemical fertilizer application

Tomatoes were grown in the rows with or without cover crop residue mulch shown in
Table 1, in high plastic tunnels, adding nitrogen fertilizer 120 kg and 240 kg/ha, 2006 and 2007.

Date Operation

March 22 Cover plastic film

April 4 Surface tillage in each row

April 5 Sowing of cover crop

May 26 Mowing of cover crop

Application of fertilizers

Making an organic mulch

May 29 Planting of tomato seedings

Measurement of nitrate in leaf petiole and growth index

July 7– Tomato harvest every 2–3 days

October 15

November 16 Measurement of Soil N and C

Source: Araki et al., Hort. Environ.Biotechnol. 50:324-328. 2009.

Table 1. Field operation in the tomato production with cover crop, 2007.

Hairy vetch (Vicia villosa R.) and wild oat (Avena sterigosa L.) were used for cover crop. They
were drill planted at 10–15 cm distance, each alone or together on April 5. Seeding density was
50 kg/ha in hairy vetch, 100 kg/ha in wild oat, and 35 and 50 kg/ha in hairy vetch and wild oat,
respectively. Cover crops were grown until May 26 and mowed by cutter 2 cm above the
ground surface for making residue mulch of cover crops. The plots with cover crops were left
untilled to maintain the residue mulch, and bare plot without cover crops were slightly tilled
by hand (Table 2, Figure 1).

Year Examined Mark Cover crop Fertilizer

Spices Treatment Nz (kg/ha) P2O5 (kg/ha) K2O (kg/ha)

2006–2007 N240 Nothing Bare 240 200 200

N120 Nothing Bare 120 200 200
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Year Examined Mark Cover crop Fertilizer

Spices Treatment Nz (kg/ha) P2O5 (kg/ha) K2O (kg/ha)

HV HV Mulch 120 200 200

Oats Oats Mulch 120 200 200

Mix HV + oats Mulch 120 200 200

2008 N240 Nothing Bare 240 200 200

N80 Nothing Bare 80 200 200

HV HV Mulch 80 200 200

Oats Oats Mulch 80 200 200

Mix HV + oats Mulch 80 200 200

2009–2012 N240 Nothing Bare 240 200 200

HV HV Incorporation 80 200 200

HV HV Mulch 80 200 200

Oats Oats Mulch 80 200 200

Mix HV + oats Mulch 80 200 200

zIn both N rates, 20 and 80% of total N fertilizer were applied by fast-release (ammonium sulfate) and slow-release
fertilizer (LPS100, N40%), respectively.
Source: Araki et al., Hort. Environ. Biotechnol. 50:324-328. 2009.

Table 2. Hairy vetch treatment and fertilizer application in tomato plots from 2006 to 2012.

Figure 1. Cover crops grown in plastic high tunnel (1), hairy vetch reside mulch plot (2) and bare plot (3).Source: Araki
et al., Hort. Environ. Biotechnol. 50:324–328. 2009.

Chemical fertilizers for tomato were applied on the ground surface on May 27, 2006. Two rates
of nitrogen fertilizer of 120 and 240 kg/ha were applied in the bare rows, and 120 kg N/ha
fertilizer was done in rows with cover crops. In both N rates, 20 and 80% of total N fertilizer
were applied by fast-release (ammonium sulfate) and slow-effect fertilizer (LP40, Chisso
ASAHI Co. Ltd.), respectively (Table 2). In every plot, 200 kg of P2O5 and K2O was added per
ha.
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Each plot was 0.8 m wide and 3 m long, 0.6 m between tomato lines and 0.5 m between plants.
Planting density was 22,220 plants/ha. Treatments were arranged in a randomized block
design with three replications.

Tomato production with cover crops was continued till 2012. N fertilizer application in cover
crop plots reduced to 80 kg/ha from 2008, and the plot of HV incorporation was set up from
2009.

2.2 Biomass production of cover crops

Wild oat grew to heading stage; however, seeds were not developed at the mowing time.
Flowering occurred in some HV plants. At the mowing, late in May, contents of N and C were
4.3 and 41.3% in HV (C/N: 10.1), and 1.4 and 37.1% in oats (C/N: 32.3) in average from 2007 to
2012 (Table 3).

Cover Concentration N,C FW DW N Contents (kg/ha)

Crop N (%) C (%) C/N
ratio

HV
(kg/ha)

Oats
(kg/ha)

Total
(kg/ha)

HV
(kg/ha)

Oats
(kg/ha)

Total
(kg/ha)

HV 4.3 41.3 10.1 33,000 – 33,000 4,709 4,709 203

Oats 1.4 37.1 32.3 – 28,270 28,270 – 5,301 5,301 87

Mix 11,570 26,270 37,840 1,595 4,950 6,545 148

Data was the average of values obtained from 2007 to 2012.

Table 3. Biomass production of cover crops, hairy vetch and oats, cultivated in the plastic house for 2 months, April
and May. 2007–2012.

Aboveground biomass (dry weight) was 4709 kg/ha in HV and 5301 kg/ha in wild oat late in
May. However, in mix-culture, it was 1595 kg/10a in HV and 4950 kg/ha in wild oat.

Sainju et al. [14] reported that bi-culture of legume and non-legume cover crops had greater
biomass yield, and also N and C contents in cover crops than monoculture of each species in
the southeast area of USA. On the other hand, aboveground and underground biomass yield,
and N and C contents of cover crops were varied by year and experimental location.

Experimental location of this examination, Sapporo, Japan, was snow cover region. More than
1 m high snow cover is observed in winter. HV is a typical winter annual legume crops
originally, but few plants survive after long snow cover [15]. Wild oat also cannot overwinter
under snow cover more than 3 month in Sapporo. HV and wild oat were usually sown in early
spring in Sapporo. Greater biomass in bi-culture of wild oat and HV was not observed than
monoculture of wild oat because of short growing period of cover crops.
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2.3 Tomato growth and yield, 2007

2.3.1 Nitrate in petiole sap

There was a difference in nitrate concentration in petiole sap in leaf below first fruit cluster
among treatments in July and August. Nitrate in HV plot showed 3650 and 3550 ppm in July
and August (Figure 2). Those in Bare + N240 kg plot were 3280 and 2966 ppm, respectively.
However, nitrate concentrations in other treatments were smaller than those in HV and
Bare + N240 kg plots. That in oat plots was smallest. Though nitrate value decreased from July
to August in bare plot (N120 kg), it increased in oat and mix (HV + Oat) plots. Such observation
accorded with the result that N content became high in the leaves of tomatoes produced with
HV mulch [16].

Figure 2. Effect of cover crop residue mulch on nitrate concentration of petiole sap on July 9 and August 10, 2007. 240
kg N fertilizer per ha was added into BareN240 plot and 120 kg N fertilizer per ha was done into other plots. Vertical
bars represents SE (n = 3).Source: Araki et al., Hort. Environ. Biotechnol. 50:324–328. 2009.

2.3.2 Growth and yield of tomato

Similar total marketable yield was shown in HV and Bare + N240 kg plots, 78.2 t/ha in the
former and 79.5 t/ha in the latter (Figure 3). Yield in first and second fruit cluster in
Bare + N240 kg plot was larger than those in HV plot. Yields in Bare + N120 kg and mix plots
were 68.8 t and 69.6 t/ha, smaller than those in HV and Bare + N240 kg plots. Oat plot showed
smallest yield, 61.5 t/ha.

To consider fruit yield, nitrogen absorption/application rate, and nitrate nitrogen concentra‐
tion, the proper range of petiole sap nitrate concentration was 4000–7000 ppm [4]. This has
been recognized as recommendable value of nitrate concentration for current yield in Hok‐
kaido prefecture. In this examination, nitrate concentrations in petiole sap in HV and
Bare + N240 kg plots were close to the recommendable value in July and August. These plots
have possibility to obtain the current yield. Those in other plots were obviously lower than
recommended value, and it is necessary to apply the N fertilizer for the current yield.
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Figure 3. Effect of cover crop residue mulch on total fresh marketable yield of tomato 2007. 24 kg N fertilizer per 10a
was added into BareN24 plot and 12 kg N fertilizer per 10a was done into other plots. Vertical bars represent SE (n = 3).
Means followed by different letters are significantly different at 5%, Tukey’s test.Source: Araki et al., Hort. Environ.
Biotechnol. 50:324–328. 2009.

In bare plots, especially adding with N120 kg, nitrate concentration in petiole tended to
decrease from July to August; however, it increased in oat and mix plots in spite of same rate
of N fertilizer. It is caused by decomposing the organic matter of cover crop residue applied
in 2006 and 2007.

Nitrate concentration in petiole sap was concerned with growth index (GI), indicator of
vegetative growth. GI values in Bare + N240 kg and HV plots were higher than other cover
crop plots. HV, typical legume crops, decomposes faster than non-legume crops because of
low C/N ratio [17], and released nitrogen is absorbed into tomato plant. However, C/N ratio
of wild oat is high, as much as 24 in our previous observation. Nitrogen absorbance into tomato
plants was restricted due to immobilization in soil.

Same trend in marketable tomato yield was observed as GI, with larger yield in Bare + N240 kg
and HV plots, medium yield in Bare + N120 kg and mix plots and smallest in oat plots. The
examined location is a cool summer region of which air temperature usually decreases from
September. It is necessary to obtain good vegetative growth until August for getting much
yield.

Even if N fertilizer decreases to half of conventional (240 kg/ha), current tomato yield was
obtained in the HV plots. Such tomatoes are recognized as organically grown agro-product in
combined with the reduction of fungicide and pesticide application.

2.4 Long-term evaluation of tomato yield, 2007–2012

Such tomato production system continued till 2012 (Table 4). The vegetative growth (GI) and
marketable yield showed same trend as 2007. That is, highest GI and yield were shown in Bare-
N240 plot. However, there was no significant difference between Bare-N240 and HV (N80 kg)-
incorporation. GI and marketable yield of HV mulch plot were a little smaller than those of
Bare-N240 and HV (N80 kg)-incorporation. From the long-term examination, 2008–2010, it was
clarified HV supports the vegetative growth and tomato yield even if N fertilizer reduces to
half or one third of conventional application in greenhouse.
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Mark (cover crops) Treatment of
cover crops

N fertilizery (kg/ha) Growth indexx Marketable
yield (t/10a)

N240 Bare 240 40514 aw 4.7 a

HV Incorporation 80 38424 a 4.3 a

HV Mulch 80 33200 b 4.1 a

Oats Mulch 80 25365 c 2.6 b

Mix Mulch 80 29.336 bc 3.0 b

Tukey’s testw * *

zData was average of the values obtained from 2007 to 2012.
yIn both N rates, 20 and 80% of total N fertilizer were applied by fast-release (ammonium sulfate) and slow-release
fertilizer (LPS100), respectively.
xGrowth index (GI) was measured 6 weeks after transplanting, just before the first harvest.
wMeans followed by different letters and asterisk are significantly different among the treatments at 5%, Tukey’s test.
NS: not significant.

Table 4. Effects of cover crops and N fertilizer on the growth and the yield of tomato: 2007–2012z.

2.5 Soil N and C content after tomato production

Increase of inorganic N increased near soil surface, 0–5 cm depth, in the rows with cover crops
in the case of N 120 kg/ha application, 2007. Considering the high nitrate in petiole, high GI
and large yield in plots with HV, it is thought that released N from cover crops was absorbed
into tomato plants in near soil surface. There was no significant difference in soil total N among
the plots though the examination period (Table 5).

Mark (cover crops) Treatment of cover crops 0.5 cm 15 cm

N (%) C (%) N (%) C (%)

2007 2012 2007 2012 2007 2012 2007 2012

N240 Bare 0.28 0.22 3.89 3.57 0.24 0.22 3.54 3.50

HV Incorporation 0.24 0.26 3.45 3.51 0.23 0.22 3.35 3.50

HV Mulch 0.30 0.24 4.24 3.87 0.24 0.23 3.70 3.32

Oats Mulch 0.27 0.23 4.08 3.69 0.25 0.23 3.57 3.55

Mix Mulch 0.30 0.27 4.61 4.07 0.26 0.25 3.77 3.78

Data in 2007 and 2012 were presented.

Table 5. Content of total nitrogen and total carbon in the soil of the plot cultivated cover crops for 7 years (2006–2012),
at the depth 5 cm and 15 cm.

As to soil carbon, the change of soil C content was observed in of 0–5 cm depth soil because of
leaving cover crop residue on the soil surface. There was tendency to increase in mix plot (oats
and HV); however, significant difference was recognized only 2 years, 2007 and 2008.
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Winter cover crops have the potential to increase soil organic C in agricultural soils [18].
Komatsuzaki and Mu [19] evaluated the effects of tillage in continuous field rice cropping with
rye and hairy vetch cover crops in Kanto region, non-snow cover region in Japan. Soil organic
carbon in the top soil, 0–2.5 cm depth, increased compared with winter fallow 2 years later
adopting cover cropping; however, other soil layer did not show any change in their obser‐
vation.

Organic matter level in the soils under mixed cover crops improved as much as 8.8% after
3 years of cover crop use [20]. Interestingly, soil under the legume-only cover actually dropped
slightly in organic matter content after 3 years, probably because the lower C/N ratio of the
incorporated organic matter caused more rapid microbial breakdown. Soil C varies from year-
to-year as a result of weather-affected changes in crop residue inputs or decomposition of
residues and organic matter [21].

As to one of the reasons of little change of soil C in our examination, ash soil is distributed
around plot area and soil C content is originally high, more than 3%. If the examination was
performed in the soil with low content of soil C, soil C will increase using of cover crop,
especially no legume cover crops. Content of soil C affects the biological properties of soil.
Some methods such as active carbon and SIR (substrate-induced respiratory) are applied for
the estimation of diversity of microorganisms.

3 N dynamics in tomato production with HV

3.1 Stable isotope technique

These results mentioned previous section showed that HV could be alternative fertilizer for
crop production instead of chemical N fertilizer and become a useful tool to solve the high
input problem in N management. It is important to clarify the tomato uptake of N mineralized
from HV residue for the establishment of effective N management in the cropping system with
cover crops.

The method using 15N-labelled plant materials has been effective for direct estimation of N
uptake from the cover crops. Earlier studies have found that the N uptake by the subsequent
crop was 6–25% of N applied by 15N-labelled cover crops, HV, ryegrass, etc [10, 22–25]. The
efficiency differed depending on subsequent crop species, cover crop species, or cultivation
circumstances.

In tomato production with cover crops, Thönnissen et al. [26] reported that when legumes
were incorporated or mulched into the soil, tomato absorbed 8.9 or 9.6% of soybean-derived
N and 10.0 or 15.0% of indigofera-derived N, respectively. In other report, the higher recovery
rate of cover crop-derived N was also reported; 56% of HV-derived N was recovered by rice
[27]. 15N-labeling method was used in the evaluation of N recovery from cover crops in these
reports.

The application effect of legume cover crop, hairy vetch (Vicia villosa R.; HV), on N dynamics
in fresh market tomato (Solanum lycopersicum L.), “House Momotaro,” was investigated using
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15N-labelling method [28]. Tomato seedlings were transplanted in the 1/2000a Wagner pot at
0, 80, 240 kg ha−1 of N application (N0HV, N80HV and N240HV) on June 9. Before transplant‐
ing, the labeled HV (0.86 atom% excess) and chemical fertilizer were incorporated into soil.

3.2 Absorption and distribution N derived from HV

HV-derived N uptake was recognized mainly in first 4 WAT. Especially, in N240HV, the
uptake of HV-derived N ceased at 4 WAT. The uptake amounts of HV-derived N at 10 WAT
were 587, 657, and 729 mg plant−1 in N240HV, N80HV, and N0HV, respectively, and there were
significant differences among three treatments (Figure 4). The ratio of N uptake derived from
HV to total N uptake in tomato plants (%Ndfhv) was the highest at 2 WAT, and %Ndfhv in N80HV
(52.1%) and N0HV (51.5%) were significantly higher than in N240HV (43.6%) (Figure 5). After
2 WAT, %Ndfhv was decreased gradually in all N rates as tomatoes grew, and it was decreased
to 24.8, 34.4, and 37.1% in N240HV, N80HV, and N0HV, respectively, until 12 WAT (Fig‐
ure 6). The nitrogen use efficiency (NUE) by tomato plant from HV-derived N was the highest
at 10 WAT, and N0HV (55.3%) was significantly higher than N240HV (44.5%) and N80HV
(49.8%) (Table 5).

The partition rate of HV-derived N into fruits was 63.9 and 39.7% of HV-derived N was
partitioned into low fruit clusters, first and second. The partition rate of N derived from soil
and fertilizer into fruits was 57.9%, significantly lower than that of HV-derived N. From these
results, it was clarified that (1) HV-derived N was used effectively in small rate of chemical N
fertilizer and (2) the N supply effect from HV was expressed in early period of tomato growth
(Table 6).

Figure 4. Effect of N fertilizer and HV treatment on the increase of the amount of tomato plant N uptake derived from
HV. The plots of N0HV (○), N80HV (●), and N240HV (Δ) were fertilized 0, 80, and 240 kg N ha−1, respectively, and
applied HV (1319 mgN pot−1). Means followed by different letters are significantly different at 5%, Tukey’s test.Source:
Sugihara et al., J. Japan. Soc. Hort. Sci. 82: 30–38. 2013. Available online at www.jstage.jst.go.jp/browse/jjshs1
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Figure 5. Effect of N fertilizer and HV treatment on the change of the ratio of plant N uptake derived from HV to total
N uptake. The plots of N0HV (○), N80HV (●), and N240HV (Δ) were fertilized 0, 80 and 240 kg N ha−1, respectively,
and applied HV (1319 mgN pot−1). Means followed by different letters are significantly different at 5%, Tukey’s
test.Source: Sugihara et al., J. Japan. Soc. Hort. Sci. 82: 30–38. 2013. Available online at www.jstage.jst.go.jp/browse/
jjshs1

Treatmentz Nitrogen use efficiency (%)

Weeks after transplant (WAT)

1 2 4 7 10 12

N240HV 5.1 29.4 43.4 45.2 44.5 cy 44.4 b

N80HV 4.8 27.8 41.2 48.7 49.8 b 47.5 ab

N0HV 4.4 25.9 40.3 49.9 55.6 a 49.4 a

Tukey’s testy nsy ns ns ns * *

zThe plots of N240HV, N80HV and N0HV were fertilized 240, 80 and 0 kg N ha−1, respectively, and applied HV
(1,319mgN pot−1).
yMeans followed by different letters and asterisk are significantly different among the treatments at 5%, Tukey’s test.
NS: not significant.
Source: Sugihara et al., J. Japan. Soc. Hort. Sci. 82: 30-38. 2013. Available online at www.jstage.jst.go.jp/browse/jjshs1

Table 6. Effect of N fertilizer and HV treatment on nitrogen use efficiency (NUE) derived from HV.

3.3 Combination of N fertilizer, HV, fast-release N and slow-release N

In order to improve the use efficiency of both hairy vetch (Vicia villosa R.; HV) and chemical N
fertilizer, N release and uptake patterns from HV, fast-release N fertilizer (FF), and slow-
release N fertilizer (SF) in fresh market tomato (Solanum lycopersicum L.) production were
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investigated using the 15N-labeling method. There was no difference in tomato fruit yield
between FF + SF and SF-only. HV-derived N was up taken by the tomatoes mainly until 4
weeks after transplant (WAT). The uptake amount of HV-derived N (Ndfhv) was same in the
pot with FF + SF and SF-only. The rate of N uptake derived from HV to total N uptake in tomato
plants (%Ndfhv) was 43% (480/1116 mg) in SF-only, higher than that in FF + SF(35%, 430/1204
mg) at 4 WAT; however, such difference disappeared after 4 WAT (Table 7). N uptake by
tomato plants was continued 12 WAT. From these results, HV has possibility of alternative
material for FF to ensure the tomato growth of early period after transplanting and continuous
supply of N is necessary to late stage of tomato.

Treatmentsz N uptake (mg/plant)

2 WATy 4 WAT 8 WAT 12 WAT

Totalx Ndfhv Ndfhv Total Ndfsf Ndfhv Total Ndfsf Ndfhv Total Ndfsf Ndfhv

N240HV (FF + SF) 767 508 259 1204 774 430 2010 1518 492 2497 aw 1983 a 513

N240HV (SF-only) 745 419 326 1116 636 480 1930 1435 495 2497 a 1959 a 538

N240 (FF + SF) – – – – – – – – – 1748 b 1748 b –

N240(SF-only) – – – – – – – – – 1786 b 1786 b –

t-test NSv * NS NS * NS NS NS NS – – NS

Tukey’s test – – – – – – – – – * * –

zPlots of N240HV were fertilized with 240 kg N·ha−1, and HV was applied (1007 mg N/pot−1). Plots of N240 were
fertilized with 240 kg N·ha−1 without HV. (FF + SF) contained 20% fast-release fertilizer + 80% slow-release fertilizer,
and (SF-only) contained 100% slow-release fertilizer.
yWAT: weeks after transplant.
xTotal = Ndfsf + Ndfhv, Ndfsf; N derived from soil and fertilizer, Ndfhv; N derived from HV.
wMeans followed by different letters and asterisk are significantly different among the treatments at 5%, t-test and
Tukey’s test. NS: Not significant.
Source: Sugihara et al., J. Japan. Soc. Hort. Sci. 83: 222–228. 2014. doi: 10.2503/jjshs1.CH-061

Table 7. Effects of N fertilizer and HV treatments on N uptake by tomato plants.

3.4 Absorption of HV-N remained in soil in the following year

After the tomato cultivation in 2011, the soil was stored in a greenhouse without any water
and fertilizer. Tomatoes were cultivated again in the Wagner pots in which contained used
soil of 2011 and were added same rate of N fertilizer (0, 80, and 240 kg ha−1 of N) and unlabeled
HV (935 mgN/pot) in 2012. Total N uptake of tomato plant was higher in N240HV (2377 mg/
plant), followed by N80HV (1760 mg/plant), N0HV (1498 mg/plant). On the other hand, the
uptake of N derived from HV applied in 2011 (HV2011, 1319 mgN/pot) was not different among
the treatments (57.7 mg/plant on average), so nitrogen use efficiency derived from HV2011 in
2012 was 4.4% on average (Figure 6). This value was much lower than that in 2011 (47.1% on
average), but HV2011-N also remained in the soil yet after the tomato cultivation in 2012 (500
mgN/pot). These results showed that although the N supplying effect of HV was small in the
following year, HV could be available for not only short-term N source, but also long-term N
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source, and HV-derived N applied in the previous year was absorbed by tomato plant during
relatively early growth period in the following year.

HV-derived N is probably available as alternate of fast-release fertilizer, but in order to
cultivate tomato healthy, it is supposed that the application of additional fertilizers for late
period growth is needed. Although reducing chemical fertilizer application improves the HV-
derived N use efficiency, the excess reducing fertilizer could lead to nitrogen deficiency during
late period. Therefore, it is important to balance reducing chemical fertilizers and ensuring
normal tomato fruit yield in order to establish the low input sustainable cropping system using
HV as a cover crop in tomato cultivation.

From the experiment 2012, the N derived from HV applied in the previous year contributed
slightly to the tomato growth, especially in the early growth stage. Although the contribution
rate of N derived from HV applied in the previous year was much lower than that from HV
applied in the current year, it was suggested that HV could be used for not only short-term N
source but also long-term N source as same as other organic materials. The result of this study
will be able to use as one of the knowledge to establish the HV-tomato rotation cropping
system.

Figure 6. Dynamics of HV2011-N’s input and output. The values show an average of three treatments.Source: Sugihara
et al., The Horticulture Journal 2016 (preview). doi:10.2503/hortj.MI-073
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4 Proof study of tomato production with HV

The positive responses of tomatoes grown under hairy vetch residues have economic and
environmental importance. From the results mentioned above, HV has the possibility of
alternative material for basal N fertilizer to ensure the tomato growth of early period after
transplanting and continuous supply of N is necessary to late stage of tomato. A proof study
to utilize HV in a real house is necessary because the examinations on N dynamics were carried
out in Wagner pot.

4.1 Fertilizer design

The application of ammonium sulfate (AS; 100-N kg/ha), HV (two seeding density; 20 kg and
50 kg/ha) and nothing, was for basal fertilizer management (Table 8). AS was applied into soil,
May 31, 2015, the previous day of tomato planting. HV grew for over 2 months; it was mowed
in late May. At the mowing time, flowering was observed in some plants. Aboveground
biomass (dry weight) of HV at densities 50 and 20 kg/ha were 7.2 and 5.9 t/ha, respectively.
This biomass accounts for the incorporation of organic nitrogen of 252 and 309 kg/ha of
equivalency into soil in HV20 and HV50, respectively. The C:N ratio of HV was low, 9.6,
suggesting rapid decomposition and mineralization of organic residues after incorporation
into soil.

LPS100 (Long player N fertilizer, slow release type, Chisso ASAHI Co. Ltd) was added in all
plots for side dressing. Similarly, in every plot, 200 kg/ha of P2O5 as fused magnesium
phosphate and 200 kg/ha of K2O as potassium sulfate were added. Transplanting occurred on
June 1, 2015.

Fertilizer or hairy vetch Basal N Top N LPS100
application (kg/ha)

Yield of marketable
tomato (t/ha)HV seeding (kg/ha) AS-N application (kg/ha)

Control 0 0 150 97 c

AS100 0 100 150 114 b

HV20 20 0 150 129 a

HV50 50 0 150 130 a

Yield means followed by different letters are significantly different among the treatments at 5%, Tukey’s test.

Table 8. Design of nitrogen application using HV and chemical fertilizer and marketable yield of fresh tomato.

4.2 Soil inorganic nitrogen and tomato yield

AS100 plots exhibited the highest soil inorganic nitrogen (9 mg/100 g) in the second week after
transplanting (2 WAT); however, it showed a decreasing trend (Table 9). The soil inorganic
nitrogen in HV20 and HV50 plots got to increase from 4 WAT until 6 WAT.
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Plots Inorganic nitrogen (mg/100g)

WAT
2 6 12

Control 2.6 3.1 1.0

AS100 9.0 3.1 1.1

HV2 2.8 5.0 1.6

HV5 5.4 4.0 2.1

Table 9. Change of inorganic nitrogen in the after tomato planting.

Similar and higher marketable yields were found in HV plots, 130 t/ha in HV50 and 129 t/ha
in HV20. These yields were higher than those in AS100 and control plots,114 and 97 t/ha,
respectively (Table 8).

Because of high N accumulation, HV increased soil inorganic nitrogen, tomato yield, and N
uptake [29]. The HV residues increased soil inorganic N in the early stages of tomato cultiva‐
tion. HV released more nitrogen in the first 6 weeks while ammonium sulfate provided more
nitrogen in the first 4 weeks after transplanting. The results were in agreement with previous
studies [28, 30–32]. The increased level of inorganic N with the HV at 15– 42 days after residue
incorporation may indicate that hairy vetch is suitable to be used as N source for the early
stages of tomato cultivation.

From this study, 40% of conventional N fertilizers were reduced by incorporating hairy vetch
residues in soil, even though good vegetative growth and high marketable yield were obtained.
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Hydroponic Cultivation of Tomato
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Abstract

Mineral substrates used in plant hydroponic cultures should have low contents of the
solid phase and good, stable air and water properties. Rockwool is a substrate with such
properties, and it has been produced for plant culture systems since 1969 by I/S H.J.
Henriksen and V. Kähler (Denmark). The aim of the study is to evaluate the effect of an
application of increasing manganese (Mn) and boron (B) concentrations added to a nutrient
solution on the yielding, content of macro- and micronutrients in tomato leaves and fruits
(Lycopersicon esculentum Mill., cv. Alboney F1 and Emotion F1). Plants were grown in
rockwool using a nutrient solution with the following content of Mn (mg dm−3): 0.06, 0.3,
0.6, and 1.2 mg dm−3  (Experiment I, 2008–2011) and 2.4, 4.8, 9.6, and 19.2 mg dm−3

(Experiment II, 2012)—designated the symbols for Mn: Mn-0, Mn-0.3, Mn-0.6, Mn-1.2,
Mn-2.4, Mn-4.8, Mn-9.6, and Mn-19.2 and for B: (0.011), 0.4, 0.8, 1.6 in the form of
Na2B4O7·10H2O (Experiment I) and boric acid H3BO3 (Experiment II) (combinations of the
designated symbols, respectively, B-I, B-II, B-III, and B-IV). The influence of Mn and B
nutrition on biometric parameters and chemical composition of leaves and fruits of tomato
is discussed.

Keywords: Lycopersicon esculentum Mill., rockwool, plant nutrition, manganese, boron

1. Introduction

Due to the quantitatively and qualitatively inferior plant yielding, conventional field cultiva‐
tion of  tomato using fertilizer  broadcasting and irrigation is  less  economically  viable  in
comparison with advanced soilless cultivation systems [1]. Such cultures may be run either
applying fertigation (hydroponics) or without it [2] (Figure 1).

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Figure 1. Classification of soilless cultures [2].

In horticultural practice, the applications of cultures without a conventional substrate are
found, namely aeroponic systems (in which the air is the medium for growth of plant root
systems—as the isolated space, periodically filled with injected nutrient solution) [3], the
nutrient film technique (NFT; in which a thin film of the surrounding medium is the root
growth medium), and the static hydroponic system [4]. In soilless cultures, mineral, synthetic,
and organic substrates are used [2,5]. However, currently, mineral substrates, e.g. rockwool,
are becoming increasingly popular, among other things, thanks to the precision of plant
nutrition in comparison with cultures run in organic substrates, e.g. a mixture of peat and bark
or sawdust [6]. Mineral substrates used in plant hydroponic cultures should have low contents
of the solid phase and good, stable air and water properties. Rockwool is a substrate with such
properties, and it has been produced for plant culture systems since 1969 by I/S H.J. Henriksen
and V. Kähler (Denmark). Rockwool, classified to the group of mineral substrates, is produced
by melting a natural rock mixture, composed of diabase (60%) and calcium (20%) with coke
(20%) at a temperature of 1500–1600°C. Next from such lava rockwool of 0.5 mm in diameter
is formed in spinners; it is cooled with air to 200°C; phenolic resins are added (up to 1.3 mg·10
g−1 d.m. rockwool) along with binders; and compounds facilitating moisture absorption,
providing it with hydrophilic properties. Such prepared rockwool is pressed to form blocks
of different sizes, growing mats (e.g. 100 × 20 × 7.5—typically used in cucumber growing; 100
× 15 × 7.5—usually used in tomato culture) or culture cubes for seedling production (e.g. 10 ×
10 × 10 cm). Rockwool substrate, thanks to the ultrahigh temperature at which it is produced,
is free from pathogens and pests. Companies producing rockwool offer substrates composed
of one and two layers, differing in their air and water properties. The fiber arrangement has a
significant effect on the distribution of water and electric conductivity (EC) in the growing mat
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because increasing fiber density in the upper section of the mat has an advantageous effect on
nutrient medium permeation and thus facilitates a more uniform growth of plant root systems.

At present, rockwool is commonly used in cultivation of various plant species, both vegetables
(such as cucumber and tomato) and ornamental plants (such as rose and gerbera). Its primary
advantages include low bulk density (depending on the type ranging from 50 to 100 g·dm−3)
and high overall porosity (92–98%). Rockwool, in contrast to most organic substrates, ensures
uniform air and water conditions and the distribution of the nutrient solution within the root
systems of plants, which is important in the case of commercial-scale production. Its important
advantage is also connected with preventing the development of anaerobic conditions in the
root hair zone, through retention of 20% air at total water capacity. Physical properties of
growing mats are as follows: water 52%, the solid phase 3%, and air 45% [7]. However, such
properties as water retention or air capacity undergo significant changes upon the completion
of the plant vegetation cycle [8].

Rockwool is an inert substrate, devoid of the sorption complex, in which no ion exchange may
take place. Its chemical composition may be as follows: P2O5 0.2–0.9%, K2O 0.7–1.3%, CaO 17.5–
21.2%, MgO 5.2–9.0%, Fe2O3 6.4–8.4%, MnO 0.1–0.5%, Na2O 1.2–2.2%, SiO2 40.7–42.9%, Al2O3

17.8–19.4%, TiO2 0.7–2.5%, As < 4 mg·kg−1, Cd < 0.5 mg·kg−1, Pb < 10 mg·kg−1, and Hg < 0.01
mg·kg−1. Rockwool also exhibits no buffer properties [9]. It is an alkaline substrate (pH in H2O
= 7.0–8.0), and its reaction is determined by high contents of alkaline elements (Ca, Mg, Na,
and K). The high Ca content may cause retrogradation, i.e. chemical sorption of phosphorus.
To prevent chemical sorption of nutrients by rockwool before the onset of plant culture, it is
acidified with a nutrient solution with pH 5.5–6.0.

An advantage of the application of rockwool as a substrate in plant culture is connected with
the limited spread of root system diseases because plants are grown in separate, foil-covered
growing mats (as a rule with two plants per mat). A potential risk of diseases may be increased
in the case of closed systems with nutrient solution recirculation (in which the nutrient solution
leaking from the root systems is recycled for fertigation), at potential problems with its effective
disinfection. Applicable nutrient solution disinfection methods in practice include thermal
methods [10,11], filtration based on reverse osmosis or another type of membrane systems
[12,13], UV radiation, or ozone treatment [14,15].

A disadvantage of rockwool as a homogeneous substrate for plant growing is connected with
its problematic disposal and management because this substrate is not biodegradable. It is
estimated that from 150 to 200 m3 rockwool remains after 1-hectare culture of greenhouse
tomato [16]. However, such substrates may be used to improve physical properties of soils,
particularly heavy soils [8,17], or as an additive to mixed substrates [18]. A certain drawback
—in view of the problems with water quality in Europe—may also be connected with the
quality requirements for the chemical composition of water for the preparation of fertigation
nutrient solutions. Maximum ion concentrations in water may not exceed concentrations
recommended for a given plant species (the so-called hydroponic concentrations), taking into
consideration the optimal value of EC [19]. In turn, locally observed deterioration of water
quality affecting its applicability in fertigation may be connected with both macro- and

Hydroponic Cultivation of Tomato
http://dx.doi.org/10.5772/62263

107



micronutrients. Response of tomato grown in rockwool to varied concentrations of micronu‐
trients (Mn and B) in nutrient media is presented in the successive chapters.

A serious problem in cultures run in open systems with no nutrient solution recirculation may
also be connected with contamination of the natural environment with excess drainage water
leaking from the root zone [20]. The greatest contamination is caused by intensive tomato
cultures in rockwool run in open systems, which may be as follows: N–NO3 (up to 245
kg·month·ha−1), K (up to 402 kg·month·ha−1), Ca (up to 145 kg·month·ha−1), and S–SO4 (up to
102 kg·month·ha−1), while in the case of micronutrients: Fe (up to 2.69 kg·month·ha−1), Mn (up
to 0.19 kg·month·ha−1), Zn (up to 0.52 kg·month·ha−1), and Cu (up to 0.09 kg·month·ha−1). In
view of the above, apart from studies aiming at the optimization of nutrition for plants grown
in rockwool, studies are also being conducted on the applicability of alternative substrates in
plant growing to replace rockwool, such as coir, wood fiber, or aeroponic systems [5,21–24].

2. The influence of selected micronutrient nutrition on plant yielding

2.1. Manganese

2.1.1. The physiological role

Mn, similarly iron (Fe), zinc (Zn), copper (Cu), and nickel (Ni), is a heavy metal (atomic mass
= 54.93) and, at the same time, a metallic micronutrient. This nutrient, similarly Fe, may be
found in plant tissues at greater concentrations than necessary for appropriate functioning of
the organism. Mn serves many physiological functions because it is a component of several
enzymes: Mn-catalase and dehydrogenases, and it is an activator of decarboxylases, hydrox‐
ylases, acid phosphatase, and dismutase, e.g. SOD [25]. It is also found in lignins, flavonoids,
and the PS II-protein complex. It plays an important role in the reactions of water splitting in
the light-dependent reactions of photosynthesis. Mn is an activator of citric acid enzymes,
reduction of nitrates, and metabolism of proteins, saccharides, and lipids, and it also partici‐
pates in oxidation of indole-3-acetic acid (IAA) [25]. Mn indirectly controls the level of
NADPH, and its extreme deficiency may cause thylakoid membrane dysfunctions. It is also
involved in the tricarboxylic acid cycle, in the synthesis of chlorophyll (phosphatidic acid), and
in the removal of free radicals formed in chloroplasts.

Mn is absorbed by plants as the Mn2+ cation, and it is passively transported through the cell
membrane following the electrochemical gradient [26]. In plants, it is mainly transported in
the xylem; it is sparcely reutilized; thus, the first symptoms of its deficiency are manifested in
the apical parts of plants. Excessive uptake of Mn may damage the photosynthetic organs and
therefore leads to reduced contents of chlorophyll and yielding of plants [27–29]. Mn tolerance
of plants depends on their genome.
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2.1.2. Manganese in human diet

Mn is an essential micronutrient, which has to be supplied with the diet. It plays an important
role in many physiological processes, and it is required in the regulation of sugar levels, bone
growth and reproduction, or proper functioning of the immune system [30]. However, there
are no standards regulating the content of Mn in food. The daily allowance recommended by
the National Academies’ Institute of Medicine, referred to as adequate intake (AI), for this
micronutrient amounts to 1.8 mg for women and 2.3 mg for men [31]. Daily intake causing no
toxicity symptoms, defined as tolerable upper intake level (UL), is as high as 11 mg∙day−1.
European nutrition standards define the optimal intake as 1–15 mg Mn∙day−1 [32]. No
symptoms of Mn deficiency are observed in free living subjects [33], and rational nutrition
fully covers the daily requirement for this nutrient [34].

Vegetables are capable of accumulating this nutrient with an increase in the concentration of
Mn in nutrient solution used in fertigation. The disturbed Fe/Mn ratio in food may be poten‐
tially dangerous for consumers, including vegetables more frequently consumed in season.
These micronutrients compete for the same protein in blood serum (transferrin) and the protein
divalent metal transporter system DMT 1 [35]. Daily uptake of Fe with food rations is sufficient
for men, but very often it does not cover the safe level recommended for women [33]. In
addition, it is known that the accumulation of Mn in the human organism—when the con‐
sumed diet is one of the routes of absorption of this micronutrient—may be harmful, leading
to changes in the central nervous system. However, a detailed mechanism of Mn neurotoxicity
is relatively little known [30,36].

2.1.3. Tomato reaction on increasing concentration of Mn in nutrient solution

This chapter shows the multifaceted response to increase Mn concentrations in nutrient
solutions, ranging from insufficient to excessive/toxic: chemical changes the root zone of
plants, in leaves—focusing on chosen parameters of photosynthetic activity as well as yields
of fruits and their quality. It also shows a specific potential applicability of choline-stabilized
orthosilicic acid (ch-OSA) in nutrient solution to alleviate Mn stress in tomato. Described
studies were conducted on cultivation of two culivars: ‘Alboney F1’ (Enza Żaden) and ‘Emotion
F1’ (S&G) grown in rockwool. In experiments, a standard nutrient solution with varying
contents of Mn was used: Experiment I—control: 0.06 (native content in water), 0.3, 0.6, and
1.2 mg·dm−3 and Experiment II—2.4, 4.8, 9.6, and 19.2 mg·dm−3 [37].

2.1.3.1. Chemical composition of the root zone

The increase in Mn concentration in nutrient solution use in fertigation of tomato has a
significant and multifaceted effect on the chemical composition of the rhizosphere [37].
Generally, Mn content in the root zone is significantly reduced in relation to that in nutrient
solution applied in plants, but the response generally significantly varies between cultivars
(Table 1).
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Sampling place Mn level

Experiment I Experiment II

Mn-0 Mn-0.3 Mn-0.6 Mn-1.2 Mn-2.4 Mn-4.8 Mn-9.6 Mn-19.2

Dripper 0.06 c 0.31 e 0.57 i 1.16 j 2.45 b 4.88 e 9.78 g 19.91 j

‘Alboney F1’1 0.04 b 0.06 c 0.36 f 0.53 h 1.14 a 3.92 c 6.55 f 17.98 i

‘Emotion F1’2 0.02 a 0.14 d 0.14 d 0.42 g 1.04 a 4.40 d 10.02 g 16.66 h

Notes: Results were subjected to analysis of variance, independently for each experiment; nutrient solution collected
from slabs of cv.; 1‘Alboney F1’; 2 ‘Emotion F1’; values described with identical letters do not differ significantly at α =
0.05.

Table 1. The effect of increasing Mn concentration in nutrient solution (mg∙dm−3) on contents of that microelement in
cultivation slabs [38].

Increasing concentrations of Mn in nutrient solution significantly modifies the chemical
composition of root zone, but the reaction varies depending on cultivar and Mn concentration:
in the range of Mn contents up to 1.2 mg∙dm−3; a significant increases: N–NO3, Ca, Mg, S–
SO4, Zn (except for Mn-1,2), Na, and Cl; pH (alkalization) and EC, at a simultaneous reduction
of contents of K (except for the control) and Fe.

2.1.3.2. Chemical composition of leaves

Mn nutrition and cultivar significantly influence on the chemical composition of leaves [39].
Mn content in tomato leaves is significantly connected with the contents of this nutrient in
nutrient solution used in fertigation of plants and similarly in case of rhizospere generally
varies between cultivars (Table 2).

Cultivar Experiment I Experiment II

Mn-0 Mn-0.3 Mn-0.6 Mn-1.2 Mn-2.4 Mn-4.8 Mn-9.6 Mn-19.2

Mn content in leaves

‘Alboney F1’ 62.9 a 175.3 b 260.7 d 290.8 e 424.0 a 464.4 c 472.0 c 471.4 c

‘Emotion F1’ 71.1 a 229.7 c 263.8 d 313.3 f 446.2 b 459.4 bc 465.9 c 489.5 d

Mn content in fruits

‘Alboney F1’ 7.4 a 10.7 b 19.3 e 22.8 f 73.8 a 82.5 b 83.4 b 103.8 d

‘Emotion F1’ 6.8 a 16.0 c 17.7 d 34.5 g 97.1 c 106.5 d 110.2 d 132.6 e

Fe content in fruits

‘Alboney F1’ 94.2 e 89.7 d 85.9 cd 71.2 a 66.1 e 51.7 d 49.6 c 39.2 b

‘Emotion F1’ 86.8 cd 83.1 c 76.5 b 71.4 a 57.2 d 41.3 c 37.3 b 34.6 a

Total yield of 1 tomato plant

‘Alboney F1’ 6.05 a 6.56 c 6.32 bc 6.21 b 5.77 e 5.51 de 5.04 cde 4.44 bc
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Cultivar Experiment I Experiment II

Mn-0 Mn-0.3 Mn-0.6 Mn-1.2 Mn-2.4 Mn-4.8 Mn-9.6 Mn-19.2

‘Emotion F1’ 5.81 a 5.82 a 6.32 bc 5.93 a 5.42 de 4.83 cd 4.04 b 2.80 a

Notes: Results were subjected to analysis of variance, independently for each experiment; nutrient solution collected
from slabs of cv.: 1‘Alboney F1’; 2 ‘Emotion F1’; values described with identical letters do not differ significantly at α =
0.05.

Table 2. The influence of Mn nutrition on content of Mn in leaves, Fe and Mn in fruits (in mg kg−1 d.m.) and on total
yield of 1 tomato plant (kg) [40–42].

Increasing intensity of Mn nutrition may vary the plant nutrient status in the case of Mn-0
reduces the contents of macroelements with a simultaneous increase in the contents of Fe, Zn,
and Cu, whereas in the case of the Mn-1.2 combination a decrease in the contents of N, Mg,
Fe, and Zn with an increase in the contents of P, K, and Ca in relation to the combination of
optimal yielding [37,38,43]. Kleiber et al. [38] claimed that variation in contents of micronu‐
trients is greater than that of macronutrients. The same authors [44] also found that the contents
of trace elements (Al, Ba, Co, Cr, and Ni) in leaves of tomato grown under strong Mn stress
are decreasing.

2.1.3.3. Chosen parameters of photosynthetic activity

Figure 2. Means ±SE of net photosynthesis rate (PN) and stomatal conductance (gs) in tomato cultivated with different
Mn in nutrient solution. Letters denote significant differences between means at p=0.05 (Kleiber et al. 2014 a).

Excessive Mn nutrition causes a toxic effect, which is observed morphologically in plants at a
Mn concentration in nutrient solution ≥4.8 mg∙dm−3 (Figure 2) [38, 40]; however, already at a
Mn concentration of 1.2 mg∙dm−3, changes are observed in their photosynthetic activity. The
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first symptom of excessive Mn nutrition in plants is a reduction of net photosynthetic activity
(PN), although plant yielding is still visually similar to that obtained at hydroponic concentra‐
tions. With an increased intensity of Mn nutrition of plants, the values of PN and stomatal
conductance (gs) are increasing (to 0.6 mg Mn∙dm−3), which indicates an adequate level of
CO2 consumption in the process of assimilation. Those parameters of photosynthetic activity
significantly vary depending on the cultivar, which confirm significant variation between
cultivars in relation to Mn nutrition [38].

2.1.3.4. The morphology of aboveground parts and yielding of plants

Morphological symptoms of toxic effects of Mn in the form of midrib and lateral veins
browning in leaflets of a compound leaf and next necroses of compound leaves and plant
apexes and inflorescence withering could be observed at the earliest after 6 weeks of culture
(at Mn-19.2) and 10 weeks of exposure (at Mn-9.6) to the nutrient solution (Figure 2) [42,43].
For those combinations, a significant reduction in the photosynthetic activity of plants is
present [38]. Symptoms of Mn deficiency on leaves could be observed earlier than toxicity—
after 3 weeks (in the case of control).

Figure 3. Morphological appearance of leaves and roots at manganese deficiency (at Mn-0) and toxicity (at Mn-19.2)
Fot. Kleiber.

The hydroponic concentration of Mn for fertigation of tomato varies depending on cultivar.
The greatest marketable yield of fruits in cv. ‘Alboney F1‘ is obtained at the Mn contents of 0.3–
0.6 mg∙dm−3 nutrient solution, but in the case of cv. ‘Emotion F1’ yield for the range of
maximum Mn-0.3 is lower than Mn-0.6 (Table 2). The content of Mn in nutrient solution
amounting to 1.2 mg∙dm−3 is excessive and contributed to a significant deterioration of
yielding, at the simultaneous lack of morphological toxicity symptoms on plants. Mn stress
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significantly reduces not only mass of fruits but also leaves and shoots [42]. Significantly, the
greatest contents of Mn are characterized leaves, whereas lowest contents are characterized
fruits. There is a marked correlation between increasing contents of Mn in nutrient solutions
used in fertigation of plants and its contents in leaves, stems, and fruits (R2 = 0.94–0.99). A high
correlation could also be observed for Mn contents between examined plant parts (R2 = 0.89–
0.98).

Tomato cultivars may significantly differ in relation to the requirement and tolerance to Mn
concentration in nutrient solutions used in fertigation, but, generally, those species may be
classified as a medium tolerance to excessive Mn concentrations in nutrient solution.

2.1.3.5. Chemical composition of fruits

Increasing intensity in Mn nutrition causes increasing in Mn concentration in fruits—but the
response similarly in case of leaves generally significantly varies between cultivars (except
Mn-0; Table 2) [41,44]. The range of hydroponic concentrations of Mn in fruits that are
determined for cv. ‘Alboney F1’ is 10.7–19.3 mg Mn∙kg−1 d.m., whereas for cv. ‘Emotion F1,’ it
is 17.7 mg Mn∙kg−1 d.m. At the greatest tested concentration of Mn for these cultivars, they are
103.8 and 132.6 mg Mn∙kg−1 d.m. Mean Fe/Mn ratios in fruits recorded at the applied hydro‐
ponic concentrations are 1.00 : 0.15–0.22, while at the application of 19.2 mg Mn∙dm−3, it is
1.00 : 3.20, whereas at the nutrient solution of Mn-1.2, these ratios are 1.00 : 0.40. This indicates
a marked and adverse reduction in relative Fe contents. In view of the recommended daily
allowances for Mn in the human diet, it seems potentially undesirable to consume tomato fruits
from plants supplied excessive or toxic levels of this nutrient.

Mn nutrition significantly impacts on the nutritive value of tomato fruits. A significant
reduction is generally recorded for the contents of P, K, Ca, and Mg and the other metallic
micronutrients (Fe, Zn, and Cu). Significant variation, depending on the cultivar, is shown
generally for N, Ca, Mg Fe, Zn, and Cu. The greatest contents of N, Ca, and Mg in fruits are in
the control, while those of P and K—at 0.3 mg Mn dm−3, whereas the lowest contents of
nutrients (except for N) are in the case of Mn-19.2.

The increasing intensity in Mn nutrition significantly modifies contents of trace elements (Al,
Ba, Co, and Pb) in fruits, at the same time, having no effect on Cr and Cd [41]. A series of those
metals in tomato fruits within the range of hydroponic concentrations of Mn are in the
following: Ba 4.340–6.180 mg∙kg−1 d.m. > Ni 4.746–5.198 mg∙kg−1 d.m. > Co 1.014–1.064 mg∙kg
−1 d.m. > Pb 0.854–0.887 mg∙kg−1 d.m. > Cd 0.379–0.395 mg∙kg−1 d.m. > Cr 0.120 mg∙kg−1 d.m.
> Al 0.066–0.081 mg∙kg−1 d.m. In the range of hydroponic Mn concentrations, contents of
analyzed trace elements generally did not vary significantly between cultivars.

2.1.3.6. Use of choline-stabilized orthosilicic acid (ch-OSA) in nutrient solution to alleviate Mn stress

Studies conducted so far have indicated a significant role of silicon (Si) as an element alleviating
the toxic effect of Mn [27,45–50]. Previous studies on that subject are concerned with various
species, e.g. beans, barley, cucumber, rice, and cowpea. The highest Mn concentrations in
nutrient solution (9.6 and 19.2 mg∙dm−3) cause the strongest Mn stress of tomato. One of the
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available forms of Si, which may be used in fertigation, is ch-OSA. Ch-OSA is also used in
medicine; e.g. in combination therapy, ch-OSA/vitamin D3 is used as a preparation affecting
bone collagen in the treatment of osteoporosis [51].

The application of the tested bioavailable Si compound (ch-OSA at a scaled concentration of
0.3 mg Si∙dm−3) improves photosynthetic activity (Table 3) and results in improving plant
yielding—especially for lower levels of Mn. All the factors—(i) content of Mn in nutrient
solution, (ii) the application of ch-OSA, and (iii) the cultivar—significantly affect the chemical
composition of leaves and tomato fruits [45,46]. Increasing in Mn stress modifies the concen‐
tration of microelements and Si in tomato leaves. Application of ch-OSA also influences the
concentration of nutrients, but the determined changes were generally multidirectional and
vary depending on Mn level and cultivar. Ch-OSA treatment does not influence on the Mn
concentrations in fruits.

Mn level Ch-OSA treatment Ch-OSA treatment

− + Mean − + Mean

‘Alboney F1’ ‘Emotion F1’

PN [μmol (CO2) m−2 s−1]

9.6 8.46 a 11.58 c 10.02 A 8.14 a 17.03 c 13.11 A

19.2 6.92 b 10.38 d 8.65 B 9.44 b 13.16 d 11.47 A

gs [μmol (H2O) m−2 s−1]

9.6 80.05 b 113.83 b 96.94 A 80.26 a 151.31 c 119.00 A

19.2 69.77 a 114.40 b 92.09 A 99.50 b 122.97 d 112.31 A

Marketable yield of 1 tomato plant

9.6 4.88 a 5.80 b 5.35 A 4.53 b 4.89 c 4.71 B

19.2 4.78 a 4.85 a 4.80 A 4.06 a 3.85 a 3.96 A

Notes: Means in rows marked with various big letters differ significantly; means in columns marked with various big
letters differ significantly; means in rows and columns marked with various small letters differ significantly.

Table 3. The influence of Mn and ch-OSA nutrition on the photosynthetic activity in leaves (PN—net photosynthetic
rate, gs—stomatal conductance) and marketable yield of 1 tomato plant (kg) [46].

2.2. Boron

2.2.1. Physiological role of boron

B is an essential micronutrient for plant growth and development. It is classified as a biophilic
non-metal [52]. It participates in the formation of cell–wall structures and cell divisions [53],
pollen tube development [54], and saccharide metabolism [55]. Plants accumulate B through
their root system [56] or through leaves [54]. B content affects nitrogen metabolism of plants,
although a deficit of this micronutrient results in an increased content in nitrates in plants.
Boron also plays a role in phenolic metabolism [57] and in the ascorbate–glutathione metabolic
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cycle [53]. It also participates in the formation and functioning of the cell wall [58]. B deficit
results in the inhibition of cell–wall synthesis and affects cell elasticity [59], leading to an
increase in pore size, resulting in cell–wall rupture [53]. B may form complex compounds with
sugars, phenols, organic acids, and polymers [60]. Most frequently, B is found in complex
combinations with mannitol, sorbitol, glucose, and fructose [60]. B may also form complex
compounds with the RG-II polysaccharide [61–64] stabilized with calcium ions [53,61], the
most important boron-binding compound in the cell wall. This complex is found in mono- and
dicotyledonous plants [65,66].

2.2.2. The effect of boron on human health

The role of B in the human organism has not been fully clarified. This micronutrient determines
appropriate bone development, preventing osteoporosis. An adequate B uptake with the
human diet prevents arthritis [61]. B was shown to affect the activity of brain cells, the
metabolism of calcium and magnesium, and the immune system [67,68]. According to
Kurtoğlu et al. [69] and Li et al. [70], the interaction of B and calcium influences hormonal
functions in the human. The daily dose of B absorbed by humans through the respiratory and
the alimentary systems as well as the skin varies, ranging from 0.25 to 20 mg a day [71–73]. B
is not accumulated in tissues, and it is excreted with urine [72], but its excess is dangerous for
human health [52]. The most important sources of B in the human diet include drinks,
vegetables, and fruits [74]. According to Castillo et al. [75], the greatest amounts of B are
contained in beets (250 mg kg−1), lemons (150 mg kg−1), and apples (110 mg kg−1).

2.2.3. Boron content in water

Natural and anthropogenic factors are sources of B in underground waters. Natural concen‐
trations of B in fresh water result from the contents of borates in soils and rocks, mixing of
waters at different aquifer levels as well as the effect of marine intrusion. During rock weath‐
ering, B penetrates to the solution forming a series of anions: BO2

−, B4O7
−2, BO3

−3, H2BO3
−, and

H4BO4
− [76]. Most frequently, B is found in water in the form of boric acid [77], less commonly

in anions and organic compounds [71]. B content in surface and underground waters may
range from 5 to 100 mg dm−3 [78]. Natural B content in underground waters in Poland amounts
to 0.01–0.5 mg dm−3 [79]. According to Breś et al. [19], B content in water used in horticulture
does not exceed 0.1 mg dm−3; however, in areas with high intensity of horticultural production,
the content of B may exceed 0.6 mg dm−3 [80]. Many authors [81–84] recommend an optimal B
content in the nutrient solution for fertigation of tomato at 0.3 mg dm−3. In studies presented
by other authors, the recommended B content in the nutrient solution for tomato growing is
0.2–0.7 mg dm−3 [3,85–91].

2.2.4. Material and methods

The vegetation experiment was conducted in the years 2009–2012 (Experiment I) and 2013–
2014 (Experiment II). Analyses were conducted on the effect of B fertigation on yielding and
macronutrient content in leaves and fruits of tomato grown on rockwool. Vegetation experi‐
ments were run in a specialist culture greenhouse equipped with the modern climate control
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system. Climate parameters (such as temperature, CO2 content, and % RH) were recorded
using the Synopta software. The facilities were equipped with a modern computer-control‐
led fertigation system and energy-conservation curtains. Plants were grown at a density of 2.7
plants·m−2.

The experiment was conducted on two tomato cv. Alboney F1 and Emotion F1. Plants were
grown in standard rockwool (density of 60 kg·m−3, mats of 100 × 15 × 7.5 cm). Experiment was
established in a completely randomized system, in six replications with two plants in each.
Biological pest control was applied in that culture. All cultivation measures were performed
in accordance with the current recommendations for tomato growing [92]. Seeds were sown
to cultivation plugs in the first half of March in each year of the study. After 2 weeks, seed‐
lings were transplanted to rockwool cubes (10 × 10 × 10 cm). Plants were transplanted to
permanent beds in the second half of April in each year of the study. The experiment was
concluded on 30 September in each year of the study. The experiments were conducted in two
factors (factor A—B concentration and factor B—cultivar) in five replications with four plants
in each.

Plants were grown using fertigation in the closed system with no recirculation of the nu‐
trient solution. A standard nutrient solution for tomato growing was used with the follow‐
ing nutrient contents: N–NH4—2.0 mg·dm−3, N–NO3—230 mg·dm−3, P—50 mg·dm−3, K—420
mg·dm−3, Ca—140 mg·dm−3, Mg—60 mg·dm−3, Cl—30 mg·dm−3, S–SO4—120 mg·dm−3, Fe—1.80
mg·dm−3, Mn—0.3 mg·dm−3, Zn—0.50 mg·dm−3, and Cu—0.07 mg·dm−3. The nutrient solu‐
tion of B was prepared and added individually to the respective tanks with a capacity of 1000
dm−3 in the following combinations: control (0.011), 0.4, 0.8, and 1.6 mg·dm−3 in the form of
Na2B4O7·10H2O (Experiment I) and boric acid H3BO3 (Experiment II; combinations of the
designated symbols, respectively, B-I, B-II, B-III, and B-IV). The nutrient solution dose
depended on the development phase of plants and climatic conditions. In the period of
intensive plant yielding and high temperatures (months June–July), 3.0–3.5 dm3 nutrient
solutions per plant were applied daily, in 15–20 single doses at 20–30% drip from mats.

In the vegetation period, the yield of fruits was recorded in terms of fruit quality grades: I—
over 10.2 cm; II—10.2–8.2 cm; III—8.2–6.7 cm, IV—6.7–5.7 cm, V—5.7–4.7 cm, and VI—less
than 4.7 cm. Marketable yield comprises fruits classified to Grades I–V.

Samples of nutrient solutions from the drippers and rockwool slabs representing the root zone
of plants were collected at the same time of the day, using a syringe in the middle of the distance
between plants, in the median axis of the slab, inserting the needle to half slab thickness, at the
following dates: 15.05, 15.06, 15.07, and 16.08 of each year of the study. The average sample
was collected from eight slabs. Chemical analyses of nutrient solutions were conducted
directly in the tested solutions (without their stabilization) using the following methods: N–
NH4, N–NO3—by distillation according to Bremner modified by Starck, P—colorimetrically
with ammonium vanadium molybdate, K, Ca, Na—by flame photometry, Cl—nephelometri‐
cally with AgNO3, S–SO4—nephelometrically with BaCl2, B—colorimetrically with curcumin;
Mg, Fe, Mn, Zn, Cu—by atomic absorption spectrometry (AAS, on apparatus Carl Zeiss Jena);
EC—conductometrically and pH—potentiometrically.
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Leaf samples for chemical analyses were collected on 15.06, 15.07, and 16.08 in each of the years
of the study. Index parts comprised 8–9 leaves counting from the top of the plant. One bulk
sample was composed of 12 leaves collected from plants within a given combination.
Representative samples of fruits were harvested in the second half of August in each year of
the study. Collected plant material was dried at a temperature of 45–50°C and then ground.
To determine total nitrogen, phosphorus, potassium, calcium, and magnesium contents, plant
material was mineralized in concentrated sulfuric acid. Nutrient contents were determined
using the following methods: N—total—by the distillation method according to Kjeldahl in a
Parnas–Wagner apparatus, P—by colorimetry with ammonium molybdate (according to
Schillak), while K, Ca, and Mg—by atomic absorption spectrometry (AAS). To determine total
contents of iron, manganese, zinc, and copper, the plant material was mineralized in a mixture
of acetic and perchloric acids (3:1 v/v), B—dry mineralization with calcium oxide (CaO). After
mineralization, Fe, Mn, Zn, and Cu were determined according to AAS and B colorimetrical‐
ly with curcum.

Results of biometric measurements and laboratory analyses were analyzed statistically using
the Duncan test, with inference at α = 0.05.

2.2.5. Results and discussion

2.2.5.1. Yielding

The effect of B fertigation on the marketable yield of tomato fruit was found in a vegetation
experiment conducted in the years 2009–2012 (Experiment I) and 2013–2014 (Experiment II;
Table 4). The mean marketable yield differed significantly depending on the level of B in the
nutrient solution. The largest yield marketable varieties Alboney F1 (Experiment I) obtained
in combinations of B-I and B-II (5.55 and 5.52 kg ⋅ plant−1). Increasing the B content of the
medium had a significant effect on reducing the commercial yield in combinations of B-III and
B-IV (5.09 and 5.18 kg ⋅ plant−1) when compared to combinations of B-I and B-II. The highest
yield of marketable varieties obtained Emotion F1 in combination of B-II (5.57 kg plant−1). There
were no significant differences in yield trading between combinations of B-I, B-III, and B-IV,
average marketable yield of these varieties did not differ significantly. In the conducted in the
years 2013 – 2014 found the experience of growing influence of fertigation boron on the
marketable yield of tomato fruit. The resulting average yield commercial differ significantly
depending on the level of B in the medium. In the performed experiment, no significant
changes were found in the shares of the marketable yield in the total yield (99.6–100.0%). When
analyzing the produced marketable yield, it needs to be stressed that the optimal level of B in
the nutrient solution for cv. Alboney F1 amounts to 0.011–0.40 mg dm−3, whereas for cv.
Emotion F1 0.40 mg B · dm−3. Increased B content in the nutrient solution caused a significant
reduction of the marketable yield in both cultivars. Cultivar Emotion F1 responded with a
decrease in the marketable yield both to a deficit and excess B in the nutrient solution. Recorded
results indicate a greater optimal content range in cv. Alboney F1 for this micronutrient in the
nutrient solution used in fertigation. In this study, when applying a nutrient solution consid‐
ered to be standard (0.40 mg dm−3), a similar marketable yield was found for cv. Emotion F1
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(5.85 kg plant−1) to that obtained by Kleiber [43] when using a standard nutrient solution (5.82
kg plant−1). No differences were observed between cultivars, and the produced marketable
yield of cv. Alboney F1 was lower by ±0.7 kg plant−1. The effect of B on yielding in tomato was
confirmed by a study conducted by Oyinlola [93]. In comparison with the experiment carried
out by Piróg and Komosa [94], the produced marketable yield in both cultivars in this
experiment at B contents in the nutrient solution of 0.0, 0.4, and 0.8 mg dm−3 was greater, it
may have a significant effect at mass-scale tomato production. In an experiment conducted by
Jarosz and Dzida [81], the greatest total yield of cv. ‘Cunero F1’ was 14.7 kg m−2 (2.7 plant m−2),
whereas studies carried out in 2004 on the same cultivar showed a yield of 4.39 kg plant−1 [9].

Variety B-I B-II B-III B-IV Mean

Experiment I

Marketable field (kg plant-1)

Alboney F1 5.55 c 5.52 c 5.09 ab 5.18 b 5.34 A

Emotion F1 5.00 a 5.57 c 4.92 a 4.74 a 5.06 A

Średnia Mean 5.28 AB 5.55 B 5.01 A 4.96 A

Contribution of marketable yield in total yield (%)

Alboney F1 99.5 99.5 99.2 99.4 99.4

Emotion F1 99.6 99.1 99.2 99.4 99.3

Średnia Mean 99.6 99.3 99.2 99,4

Experiment II

Marketable field (kg plant-1)

Alboney F1 5.73 bc 5.87 c 5.65 b 5.46 a 5.68 A

Emotion F1 5.24 a 5.85 c 5.60 b 5.41 a 5.52 A

Mean 5.48 A 5.86 C 5.63 B 5.43 A

Contribution of marketable yield in total yield (%)

Alboney F1 99.8 100.0 99.8 99.6 99.8

Emotion F1 99.8 99.7 99.8 99.6 99.7

Mean 99.8 99.8 99.8 99.6

Notes: Means in rows marked with various big letters differ significantly; means in columns marked with various big
letters differ significantly; means in rows and columns marked with various small letters differ significantly.

Table 4. The influence of B nutrition on total yield of 1 tomato plant (kg).

2.2.5.2. Chemical composition of the root zone

The effect of increasing B concentrations in nutrient solutions is shown (Table 5). In all the
combinations, an increase was shown for B contents in nutrient solutions absorbed from mats
in comparison with the nutrient solution applied to plants. The greatest B content in nutrient
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solutions for both cultivars was recorded in mats applying B at 1.60 mg dm−3. Differences
between cultivars were shown in terms of B content in nutrient solutions collected from mats
in combinations of B-I and B-IV (Experiment I) and B-II and B-IV (Experiment II). An in‐
crease in B content in the nutrient solution in combinations of B-III and B-IV caused a significant
decrease in the marketable yield, which may have been caused by the toxic individual effect
of this ion on plants [95]. In this experiment, the phenomenon of B condensation was ob‐
served in growing mats, confirming the results reported by other authors [24]. It needs to be
stated that B content in growing mats exceeding 0.93 mg dm−3 (Experiment I) causes a
significant reduction of plant yielding. However, a further increase in the content of B in
nutrient solutions in the rhizosphere up to 1.87 mg dm−3 does not cause a significant reduc‐
tion of the marketable yield between these combinations. The conducted Experiment II using
boric acid as a source of B in the nutrient solution showed identical dependencies in the case
of the greatest marketable yield; however, the content of B in mats close to 2.00 mg dm−3 caused
a significant reduction of yielding in comparison with combination of B-III (±1.00 mg·dm−3).
The highest marketable yield varieties Emotion F1 obtained when the boron content of mats
0.58 (Experiment I) and 0.67 mg·dm−3 (Experiment II). At the application of the same B levels
in hydroponic culture of butter lettuce, a yield-modifying effect of increasing B concentra‐
tions in the nutrient solution was found for the mean weight of lettuce heads. The greatest
weight of lettuce heads was produced using B content in the nutrient solution within the range
of 0.40–1.60 mg dm−3 [96].

Sampling place B-I B-II B-III B-IV B-I B-II B-III B-IV

Experiment I Experiment II

Dripper 0.11 a 0.41 d 0.80 f 1.57 h 0.11 a 0.41 c 0.82 f 1.63 h

Alboney 0.21 b 0.58 e 0.93 g 1.87 i 0.27 b 0.59 d 0.99 g 1.92 i

Emotion 0.26 c 0.58 e 0.96 g 2.00 j 0.32 b 0.67 e 1.01 g 2.11 j

Notes: Results were subjected to analysis of variance, independently for each experiment; nutrient solution collected
from slabs of cv.: 1‘Alboney F1’; 2 ‘Emotion F1’; values described with identical letters do not differ significantly at α =
0.05.

Table 5. The effect of increasing B concentration in nutrient solution (mg∙dm−3) on contents of that microelement in
cultivation slabs.

2.2.5.3. Chemical composition of leaves

An increase in B contents in the nutrient solution applied in fertigation had a significant effect
on the content of this micronutrient in indicator parts of tomato (Table 6). In combinations of
B-II and B-III, an increase in B contents in the nutrient solution caused an increase in B content
by ±100%. Significantly, the greatest mean B content was assayed using the nutrient solution
of 1.60 (207.07 mg·kg−1). Significant differences in the mean B content in leaves were ob‐
served between cultivars. According to the studies conducted by other authors, an increase in
the content of B in the nutrient solution has a significant effect on contents of this micronu‐
trient in tomato leaves [93]. [79] when growing tomato at a toxic level of boron in the nu‐
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trient solution assayed 155 mg B·kg−1 in tomato leaves. Results in this study for B contents in
indicator parts of tomato at 0.80 and 1.60 indicate a toxic state of nutrition of plants in the case
of the investigated micronutrient. According to Kabata-Pendias and Pendias [71], an admis‐
sible B content for tomato plants is 100 mg·kg−1 B in d.m. In turn, according to De Kreij et al.
[97], an optimal content of B in tomato leaves should be 54.0–75.6 mg·kg−1 B d.m. When
analyzing the state of nutrition of plants in the case of boron, we need to state that in this
study (Experiment I) plants of cv. Alboney F1 yielded best at B contents in indicator parts of
33.24–78.58 mg·kg−1, whereas for cv. Emotion F1 it was at 79.44 mg·kg−1. In analyses with the
use of boric acid (Experiment II), cv. Alboney F1 yielded best at B contents in indicator parts
of 32.80–80.62 mg·kg−1, whereas for cv. Emotion F1 at 83.89 mg·kg−1. Recorded B contents were
lower than those reported by Komosa et al. [23] in their studies on yielding of cv. Emotion F1

in closed systems with recirculation and without recirculation of the nutrient solution.

Variety B-I B-II B-III B-IV Mean

Experiment I

B content in leaves

Alboney F1 33.24 a 78.58 b 167.46 d 207.02 f 121.57 B

Emotion F1 37.94 a 79.44 b 139.83 c 188.68 e 111.47 A

Mean 35.59 A 79.01 B 153.65 C 197.85 D

Experiment II

B content in leaves

Alboney F1 32.80 a 80.62 c 173.56 e 218.30 g 126.32 B

Emotion F1 45.17 b 83.89 c 148.61 d 195.83 f 118.37 A

Mean 38.98 A 82.25 B 161.09 C 207.07 D

Notes: Means in rows marked with various big letters differ significantly; means in columns marked with various big
letters differ significantly; means in rows and columns marked with various small letters differ significantly.

Table 6. The influence of boron nutrition on content of B in leaves (in mg kg−1 d.m.).

2.2.5.4. Chemical composition of fruits

In this study, the content of B in tomato fruits was dependent on B content in the nutrient
solution used in fertigation (Table 7). The greatest B content in fruits of tomato cv. Alboney F1

was recorded in combinations B-III (16.30 mg·kg−1) and B-IV (16.43 mg·kg−1), while for cv.
Emotion F1 in combination B-IV (17.30 mg·kg−1). Differences in B contents in fruits were shown
only in the B-II combination (Experiment I). In all the combinations, significant differences
were observed between cultivars in terms of B contents (Experiment II). Significantly greater
B contents were assayed in fruits of cv. Emotion F1. The greatest mean B content in fruits was
recorded in combination B-IV (26.50 mg·kg−1). According to other authors, the content of B in
tomato fruits is significantly lower in comparison with those recorded in leaves [98,99]. Results
obtained in studies on the application of borax for B contents in fruits were lower than those
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reported by Komosa et al. [24]. Using boric acid, greater boron levels were found in fruits,
while differences were found between cultivars in the mean B content in tomato fruits.

Variety B-I B-II B-III B-IV Mean

Experiment I

B content in fruits

Alboney F1 11.66 a 13.10 b 16.30 de 16.43 de 14.60 A

Emotion F1 11.56 a 14.26 c 15.30 cd 17.30 e 14.37 A

Mean 11.61 A 13.68 B 15.80 C 16,86 D

Experiment II

B content in fruits

Alboney F1 11.66 a 16.70 b 19.90 c 24.26 d 18.13 A

Emotion F1 15.33 b 19.56 c 24.10 d 28.73 e 21.93 B

Mean 13.49 A 18.31 B 22.00 C 26.50 D

Notes: Means in rows marked with various big letters differ significantly; means in columns marked with various big
letters differ significantly; means in rows and columns marked with various small letters differ significantly.

Table 7. The influence of boron nutrition on content of B in fruits (in mg kg-1 d.m.).

3. Conclusions

1. When analyzing the produced marketable yield, it needs to be stressed that the optimal
level of B in the nutrient solution for cv. Alboney F1 amounts to 0.011–0.40 mg dm−3, while
for cv. Emotion F1 0.40 mg B dm−3. Increased B content in the nutrient solution caused a
significant reduction of the marketable yield in both cultivars. Cultivar Emotion F1

responded with a decrease in the marketable yield both to a deficit and excess B in the
nutrient solution.

2. It needs to be stated that B content in growing mats exceeding 0.93 mg dm−3 (Experi‐
ment I) causes a significant reduction of plant yielding. However, a further increase in the
content of B in nutrient solutions in the rhizosphere up to 1.87 mg dm−3 does not cause a
significant reduction of the marketable yield between these combinations. The conduct‐
ed Experiment II using boric acid as a source of B in the nutrient solution showed identical
dependencies in the case of the greatest marketable yield; however, the content of B in
mats close to 2.00 mg dm−3 caused a significant reduction of yielding in comparison with
combination B-III (±1.00 mg·dm−3).

3. An increase in B contents in the nutrient solution applied in fertigation had a significant
effect on the content of this micronutrient in indicator parts of tomato. Results in this study
for B contents in indicator parts of tomato at 0.80 and 1.60 indicate a toxic state of nutrition
of plants in the case of the investigated micronutrient.

Hydroponic Cultivation of Tomato
http://dx.doi.org/10.5772/62263

121



4. In this study, the content of B in tomato fruits was dependent on B content in the nutrient
solution used in fertigation. Using boric acid, greater boron levels were found in fruits,
while differences were found between cultivars in the mean B content in tomato fruits.
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Chapter 7

Analysis of Soil Profile Water Storage under Sunflower
× Cowpea Intercrop in the Limpopo Province of South
Africa
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Abstract

Sunflower (Helianthus annuus L.) is the most important oilseed crop in South Africa. Its
production in semi-arid area is limited by low rainfall exacerbated by high tempera‐
tures that deplete soil moisture. Cowpea (Vigna unguiculta) intercropped in sunflower
could reduce evaporation of soil moisture by increasing soil cover. A field study was
carried out 2007/2008 and 2008/2009 seasons in the Limpopo Province (South Africa) to
compare (i) the changes in soil profile water storage, (ii) water use efficiency, and (iii)
productivity of the sunflower–cowpea cropping systems. Extraction patterns by layers
showed no significant differences in all cropping systems in the 0–300, 300–600, and 600–
900 mm during 2007/2008 and 2008/2009 seasons.  Sole sunflower (SS) significantly
extracted more soil water than sole cowpea and the intercrop from the 1200- to 1500-mm
layer after 56 days after planting (DAP) during 2007/2008 season. There were no significant
differences in soil water extraction by cropping systems in the whole profile during both
cropping seasons.  Intercropping of  sunflower  resulted  in  grain  yield  reduction  of
sunflower of up to 50 and 30% of cowpea during 2007/2008 and 2008/2009, respectively.
Water use and water use efficiency by SS were significantly greater than other cropping
systems during the second cropping season.

Keywords: Cowpea, Intercropping, Semi-arid, Sunflower, Water use

1. Introduction

Sunflower (Helianthus annuus L.) is the most important oilseed crop in South Africa. It is the
third largest grain crop produced in South Africa after maize (Zea mays) and wheat (Triticum
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aestivum) [1]. Sunflower seed is utilized in the manufacture of sunflower oil and oilcake for
animal feed. Sunflower is adapted in both hot and dry climate. This makes Limpopo Province
ideal for growing the sunflower crop [2]. However, its production in the semi-arid area is limited
by variable and low rainfall amount. Soil moisture loss is further exacerbated by evaporation
due to high temperatures during the growing season [3]. Soil moisture loss under these conditions
is further worsened by the fact that sunflower residue is fragile and does not provide ade‐
quate ground cover [4]. However, research has shown that legumes such as cowpea (Vigna
unguiculata) intercropped in sunflower could increase soil cover and suppress soil moisture loss
by evaporation [5]. Furthermore, previous research has shown that intercrops can improve
water use efficiency [6, 7].

Cowpea is an important food and fodder legume crop in the semi-arid tropics, South Africa
included. Being a drought tolerant and warm weather crop, cowpea is well adapted to the
drier regions of the tropics where other food legumes do not perform well. It can fix atmos‐
pheric nitrogen through its nodules. It is reported that about 30 kg N ha−1 can be contributed
to the soil by cowpea. The amount of N fixed is a function of cowpea cultivar [4]. It grows well
in poor soils with high sand content, little organic matter, and low phosphorus content, such
as those found in smallholder farming sector of the Limpopo Province. Also, it is shade tolerant
and therefore, compatible as an intercrop with several field crops, including sunflower. Its
rapid growth habit and quick ground cover prevents soil erosion. Furthermore, the in-situ
decay of its roots and nitrogen-rich residues improves soil fertility and soil structure. These
qualities have made cowpea an important component of the subsistence agriculture particu‐
larly in the dry savannas of the sub-Saharan Africa [8]. Cowpea is important to food security
in less developed countries of the tropics particularly Asia and Africa. As a vegetable, it is
consumed as young leaves, green pods, and green seeds. In addition, dry seeds are used in
various food preparations. Its high protein content (>25%) in its seeds and tender leaves makes
it ideal diet for the rural and urban poor whose diet consists of starchy foods [5]. Apart from
improving the diet of the rural poor, it is envisaged that the sunflower and cowpea crop
mixtures could also offer advantages, such as, yield advantage [9, 10], yield stability [11], and
better weed control [12].

Cowpea and groundnut (Arachis hypogeae) are often grown as intercrops among smallholder
farmers of the Limpopo Province. However, little scientific research has been conducted to
quantify the agronomic value of this practice [13]. Sunflower is grown mainly as a sole crop
under commercial production [14]. Its cultivation by the smallholder farming sector is little
known. However, sunflower crop has a potential in smallholder farming sector if integrated
into the existing traditional farming systems which are based on growing crops in mixtures [8].
There is evidence of sunflower production in mixtures by the smallholder farmers in the
Limpopo Province. However, no scientific research is documented. In particular, there is no
information on the productivity of sunflower × cowpea intercropping systems. There is a need
therefore to evaluate the productivity of sunflower and cowpea mixtures in order to opti‐
mize their production. The major objectives of this chapter are to compare (i) the changes in
soil profile water storage, (ii) water use efficiency, and (ii) productivity of the three cropping
systems under semi-arid conditions of South Africa.
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2. Trial site

A 2-year field experiment was conducted during 2007/2008 and 200820/09 growing seasons at
the University of Venda in Thohoyandou, South Africa (22°58′S, 30°26′E). Altitude is 596 m
above sea level. The terrain is characterized by a slope of 8%. The daily temperatures at
Thohoyandou vary from about 25 to 40°C in summer and between approximately 12 and
26°C in winter. Rainfall is highly seasonal occurs between October and March. Crop failure
and low yields are associated with midsummer drought [15]. Rainfall varies temporarily and
ranges between 500 and 800 mm per year. The study site is characterized by deep and red
clayey classified as Rhodic Ferralsols [16]. The soil is composed of 10% sand, 30% silt, and 60%
clay. Soil pH is low (pH 5.5). Selected chemical and physical soil properties were previously
presented in [17].

2.1 Trial description

The experiment was conducted during 2007/2008 and 200820/09 growing seasons. The trial
was complete randomized block design (CRBD) with four replications under conventional
tillage (CT). The field was disk ploughed and disk harrowed at the start of the trial. The plots
were hand dug to a depth of 20 cm the following season. Three cropping systems consisting
of sole sunflower (SS), sole cowpea (SC), and sunflower–cowpea intercrop (ISC) were laid out
in 9 m × 10 m plots. Sunflower hybrid (cv. AFG 5551) and local cowpea landrace were planted.
The intercrop components were sown manually using row replacement series (1:1) using
tramline row spacing (1 m × 2 m). Final sunflower plant population was 30,000 plants ha−1

while that for cowpea was 66,666 plants ha−1. This gave the intercrop density of 48,333 plants
ha−1. A commercial fertilizer was incorporated a rate of 33 kg N ha−1, 50 kg P ha−1, and 33 kg K
ha−1. In the second season, the same fertilizer rate was repeated with an additional 178 kg ha
−1 limestone ammonium nitrate (LAN) (28) as top dressing on sunflower 5 weeks after planting.
Weeding was done manually using hand hoes during the season. Plots were kept clean during
fallow period by using glysphosphate (360 g/l). Malathion 50% EC (a.i. Merkaptotion 500 g/l;
Mercaptothion 500 g/l) was used to control aphids and beetles.

2.2. Data collection and analysis

2.2.1. Grain yield

Sunflower was harvested at physiological maturity at 87 and 79 days after planting (DAP)
during 2007/2008 and 2008/2009 seasons, respectively, by cutting 6-m length of the central
rows. The heads were air-dried in the shed. Cowpeas were harvested at 150 and 140 DAP
during 2007/2008 and 2008/2009 seasons, respectively, from 4 m2 (2 m × 2 m). The air- dried
cowpea grain was separated from the stalks weighed and oven-dried at 70°C for 24 h. The
grain yield was adapted to 13% moisture content.
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2.2.2. Soil profile soil storage

Volumetric water content of the soil profile was determined on weekly basis using a calibrat‐
ed neutron water meter (NWM) (Campbell Pacific Nuclear International 503DR). Galvan‐
ized access tubes measuring 50 mm in diameter were inserted to a depth of 1500 mm. Two
access tubes were inserted per plot between the 1-m crop rows. Readings were taken in depth
increments of 300 mm until 1500 mm. Standard counts (Cs) of the NWM were determined in
five replicates. Soil water content was calculated using the following calibration equations
developed on site:

( )2
v0–300θ    0.4339   CR   0.2893 R    0.998= ´ - = (1)

( )2
v300–900θ    0.2678   CR   0.0378 R    0.921= ´ - = (2)

2
v900–1500θ    0.6331   CR   0.5077 (R    0.956)= ´ - = (3)

where Ɵv0–300 is the volumetric water content in the soil layer 0–300 mm (mm−1 mm−1), CR is the
count ratio calculated as count/standard count (Cs). Soil water storage (mm) was calculated by
multiplying volumetric water content by soil layer thickness (mm).

2.2.3. Water use and water use efficiency

Water balance was calculated by the following equation:

P   R   D   ET    W= + + +D (4)

where P is precipitation (mm); R is surface runoff (mm); D is deep drainage (mm); ET is
evapotranspiration or water use (mm); and ∆W is change of soil water content (mm). The sum
of runoff (R) and deep drainage (D) were assumed to be zero during the experimental period,
simplifying Eq. (4) as follows:

ET    W   P =-D + (5)

Precipitation was measured using an automatic weather station which was located 20 m away
from the experimental block. Water use efficiency was calculated using the water balance
equation, assuming no drainage, and runoff water, as follows:

WUE   Y / ET= (6)
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where WUE is the water use efficiency (kg ha−1 mm−1); Y is the grain yield (kg ha−1); and ET is
the total evapotranspiration over the growing season (mm). Similarly, intercrop WUE was
calculated on the basis of total grain yield of sunflower and cowpea.

2.2.4. Land equivalent ratio

Land equivalent ratio (LER) was calculated according to [18] as follows:

T S CLER   LER   LER= + (7)

where LERT = total land equivalent ratio and, LERS = partial LER for sunflower per unit area;
LERC = partial LER for cowpeas per unit area.

Partial LER is defined as the ratio of yield per unit area of the specific intercrop (Yi) versus the
mono-crop (Ym) that is as follows:

mPartial LER  Yi / Y= (8)

If LERT > 1, intercropping has a yield advantage, if LERT < 1, there is yield disadvantage from
intercropping, and when LERT = 1, there is no advantage to intercropping [10].

3. Results

3.1. Variation of soil profile water storage

Rainfall amounting to 391 mm was recorded over 2007/2008 experimental period. Most of the
rainfall was >10 mm and accounted for 93% (365 mm) of the total rainfall while the rest were
<10 mm. Most of the rainfall, this season occurred in January and was followed by dry spells
in February and March. Due to the breakdown of the NWM water measurements started 21
DAP. Soil water content variations in 0–300, 300–600, 600–900, 900–1200, and 1200–1500 mm
layers measured in 2007/2008 season for the three cropping systems are shown in Figure 1.
Soil water content was high at 21 DAP and started to decline until 63 DAP for all cropping
systems. The profile water storage decreased in all cropping systems. During this vegetative
period, the soil profile received rainfall events below 10 mm. There were no significant
differences among cropping systems in the 0–300 mm layer. This top layer was character‐
ized by variations in water content, possibly as a result of evaporation and root uptake.
Similarly, the layers 300–600 and 600–900 mm showed no significant differences in water
extraction patterns during this period. However, significant differences in soil water content
were observed at 35 DAP in the 900–1200 mm layer. There intercrop recorded more water
extraction than the SS and SC. There were significant differences in water uptake at DAP 56,
63, and 70 in the 1200–1500 mm layer. The SS used more water than the SC and the intercrop.
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The SC had the least water consumption. The highest rainfall amount of 70 mm was re‐
ceived at flowering stage (after DAP 70). This resulted in the increase in soil profile water
content. The increase was more pronounced in the 0–300 and 300–600 mm layers. There were
more fluctuations of soil water content in the 0–300 and 300–600 mm layer compared to other
layers. However, the 0–300 mm layer had marked fluctuations. There were no significant
differences in water consumption in the 0–300 and 300–600 mm layers until DAS 119. At
DAP 112 (grain filling stage) the intercrop extracted more water compared to other cropping
systems in the 600–900 mm layer. Between DAP 56 and 119, the SS crop significantly extract‐
ed more water compared to the other cropping systems in the 1200–1500 mm layers. Total soil
water extraction by SC was less compared to the other cropping systems but the differences
were not statistically significant (P < 0.05) (Figure 2).

Figure 1. Soil water storage in various layers (a = 0–300; b = 300–600; c = 600–900; d = 900–1200; e = 1200–1500 mm)
during the 2007/2008 for sole sunflower (SS), sole cowpea (SC), and sunflower × cowpea intercrop (ISC).
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Figure 2. Soil water storage in total soil profile (f = 0–1500 mm) during the 2007/2008 for sole sunflower (SS), sole cow‐
pea (SC) and sunflower × cowpea intercrop (ISC).

Figure 3. Soil water storage in various layers (a = 0–300; b = 300–600; c = 600–900; d = 900–1200; e = 1200–1500 mm)
during the 2008/2009 for sole sunflower (SS), sole cowpea (SC), and sunflower × cowpea intercrop (ISC).
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Figure 4. Soil water storage in total soil profile (f = 0–1500 mm) during the 2008/2009 for sole sunflower (SS), sole cow‐
pea (SC), and sunflower × cowpea intercrop (ISC).

Compared to the 2007/2008, the rainfall during 2008/2009 (405 mm) was well distributed.
Figure 3 shows soil water content in various layers for the 2008/2009 growing season. The 0–
300 mm layer showed huge variations in soil water content which increased soon after rainfall.
The SS extracted significantly less soil water from the 0 to 300 mm layer compared to the other
cropping systems at DAP 22. Thereafter, there was no systematic water extraction pattern
recorded in the period DAP 66–79. By the end of this period the intercrop had the highest
extraction followed by SC and the lowest SS (P < 0.001). Cropping system water extraction
pattern in the 0–300 mm layer was similar to 300–600, 600–900, and 900–1200 mm layers. There
was no clear water extraction pattern in the 1200–1500 mm layer by all cropping systems.
Similarly, no systematic soil water extraction was observed in the whole profile from the
beginning to the end of the 2008/2009 growing season (Figure 4).

3.2. Productivity of cropping systems

The yield of sole and intercrop sunflower increased during season 2008/2009 compared to
2007/2008 while the yield of SC and its intercrop decreased in the same period (Table 1). The
yield of each crop species was not significantly different during 2007/2008 season. However,
a statistical difference of yield was observed in both crop species during 2008/2009.

The intercrop was more productive than the sole crops (LERT > 1) (Table 2). The highest
sunflower yield loss of nearly 50% was recorded during 2007/2008 season, while 31% yield
loss in cowpea was recorded during 2008/2009 season. The cowpea was a better competitor
for resources in 2007/2008 season (LERC = 0.86) but the sunflower exhibited higher competi‐
tive ability than cowpea during 2008/2009 season (LERS = 0.80).

3.3. Water use and water use efficiency

Water use by all cropping systems was higher during 2008/2009 compared to 2007/2008
(Table 3). There was no statistical difference in water consumption between the cropping
systems during 2007/2008 season. However, water consumption by SS was statistical greater
than SC and the intercrop during 2008/2009 season. Water use efficiency by the SS and inter‐
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crop increased during 2007/2008 compared to 2008/2009. The WUE by the cowpea decreased
by nearly 50% during 2008/2009 compared to 2007/2008. WUE by SS was significantly higher
compared to the other cropping systems during 2007/2008 season. During 2008/2009, WUE
by all cropping systems was significantly different from each other. The SS had the highest
WUE then the intercrop and SC in that order (Table 4).

Cropping system Yield (kg ha−1)

2007/2008 2008/2009

Sole sunflower 1135 1203

Sole cowpea 256 137

Intercrop sunflower 584 960

Intercrop cowpea 221 95

Table 1. Mean grain yield for different cropping systems during the 2007/2008 and 2008/2009 seasons.

LER Growing season

2007/2008 2008/2009

LERS 0.51 0.80

LERC 0.86 0.69

LERT 1.37 1.49

Table 2. LER during 2007/2008 and 2008/2009 seasons.

Cropping system Water use (mm)

2007/2008 2008/2009

Sole sunflower 475.5 455.4

Sole cowpea 401.8 406.6

Intercrop 415.5 433.7

Table 3. Water use (WU) of crops in different cropping systems during the 2007/2008 and 2008/2009 seasons.

Cropping system WUE (kg ha−1 mm−1)

2007/2008 2008/2009

Sole sunflower 2.40 3.53

Sole cowpea 0.62 0.34

Intercrop 1.94 2.51

Table 4. Water use efficiency (WUE) of crops in different cropping systems during the 2007/2008 and 2008/2009
seasons.
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4. Discussion

Low rainfall during 2007/2008 season resulted in continuous decline of soil profile water
content until DAP 63. This happened during the vegetative period when the crops needed
water for development. High amount of rainfall received during 2008/2008 season could be
attributed to better performance especially of sunflower crop species during this season
compared to the previous one. However, there were no significant differences in total profile
water extraction all by all cropping systems during the two seasons.

Water extraction patterns were almost similar for all cropping systems in the 0–300 and 300–
600 mm layers during season 2007/2008. The intercrop extracted slightly higher soil water than
other cropping systems throughout the rest of the season. An almost similar trend was
observed during 2008/2009 season in all cropping systems in the same soil layers. However,
extraction patterns by all cropping systems in the 0–300 and 300–600 mm layers were
statistically non- significant. The intercrop did not extract greater moisture as expected. Similar
findings were reported in maize-bean intercrop [19]. Similar moisture extraction was ob‐
served in the 600–900 mm layer (Figure 1). However, water extraction by the intercrop was
significant at 112 DAP during 2007/2008.

In the lower profile soil layers (900–1200 and 1200–1500 mm for 2007/2008), the sunflower
extracted significantly more soil water compared to other cropping systems after 56 and 66
DAP during 2007/2008 and 2008/2009, respectively. This was not unexpected. The sunflower
crop has a deeper and extensive rooting system that is able to exploit water from deeper soil
layers [20]. Despite the differences in tillage systems, our results are analogous to those of [20]
who demonstrated that the average soil profile water content at harvest under sunflower was
lower (77 mm) than that under cowpea (158 mm) in no-till (NT) and stubble mulch tillage in
a clay loam soil.

Good rainfall conditions were attributed to the higher sole and intercrop sunflower yield
during 2008/2009 compared to 2007/2008 (Table 1). Significant difference in yield between the
sole and intercrop sunflower was observed during 2008/2009 season. Similar results were
reported in other cropping systems. Higher sunflower yield in sole crop compared to its
mixture with soybean were reported [21]. Differences in yield in the sole and intercropped
sunflower were attributed to competition for resources such as nutrients and moisture. Higher
productivity of SS over its intercrop in the current study was attributed to lower population
in the intercrop. The results could also suggest intense competition between crop species in
the crop mixture. It was reported that some cowpea genotypes can suppress the growth of
sunflower [22]. In contrast, the grain yield of cowpea showed no statistical difference due to
cropping system probably because cowpea was able to out-compete sunflower in acquiring
nutrients and other resources. However, cowpea was a better competitor than sunflower
during 2007/2008 season as indicated by the LERC (Table 2). Overall, the values of LER during
the two seasons were >1, indicating that the intercrop was more productive than the pure
stands of sunflower and cowpea as earlier reported in other intercrops [18].

The observed greater WU in SS compared to the cowpea and intercrops was attributed to the
relatively higher WU of sunflower compared to the cowpea as previously reported [23]. When
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the two crops were combined in an intercrop their combined WU became higher than the SC.
Similar findings have been reported [23]. The SS exhibited greater WUE than other cropping
systems. The intercrop was second followed by the SC. Conflicting results on WU and WUE
of crop mixtures have been reported by other researchers. It was reported that WUE of maize-
bean intercropping were equal or higher than maize sole crops, and higher than bean sole
cropping [24]. In Nigeria, [25] reported that intercropping cowpea with millet did not increase
WUE over the sole millet. Results in the current study indicated that under high rainfall
conditions WUE by cowpea was significantly reduced. This could mean that the cowpea crop
was better able to utilize limited soil moisture, thus making it an ideal crop in water scarce
environments such as those prevailing at the study site.

5. Conclusion

Soil water extraction patterns could be related to seasonal rainfall conditions and cropping
systems. Soil moisture extraction patterns by layers showed no significant differences in all
cropping systems in the 0–300, 300–600, and 600–900 mm during 2007/2008 and 2008/2009
seasons. SS significantly extracted more soil water than SC and the intercrop from the 1200
to 1500 mm layer after 56 DAP during 2007/2008 season. Overall, the whole profile did not
show statistical difference in moisture depletion by crops and their combinations during the
two seasons. Intercropping of sunflower resulted in grain yield reduction of sunflower of 50%
and 30% of cowpea during 2007/2008 and 2008/2009, respectively. LER > 1 meant that
intercropping was advantageous in the utilization of environmental resources. Generally, WU
and WUE by SS were significantly greater than other cropping systems during the second
cropping season (2008/2009). The SC had the lowest WU and WUE.
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Abstract

The increased adoption of conservation tillage in vegetable production requires more
information on the role of various cover crops in weed control, tomato quality, and yield.
Three conservation-tillage systems utilizing crimson clover, turnip, and cereal rye as
winter cover crops were compared to a conventional black polythene mulch system, with
or without herbicide, for weed control and tomato yield. All cover crops were flattened
with a mechanical roller/crimper prior to chemical desiccation. Herbicide treatments
included a PRE application of S-metolachlor (1.87 kg a.i. ha−1) either alone, or followed by
an early POST metribuzin (0.56 kg a.i. ha−1) application followed by a late POST application
of clethodim (0.28 kg a.i. ha−1). Except for spotted spurge and tall morningglory only the
main effect of herbicide treatments and cover crops affected weed control. For the majority
of the weeds, no significant differences in weed control were observed with rye residue
and plastic mulch treatments; however, turnip and crimson clover residue failed to control
most weeds. Rye residue provided 86% large crabgrass, 80% goosegrass and 84% Broadleaf
signalgrass control. Yellow nutsedge was controlled 65% by plastic mulch and only 60%
by Rye residue. Pokeweed was controlled 80% by plastic mulch treatment. S-metola‐
chlor applied PRE was sufficient in controlling leafy spurge and tall morningglory in
plastic mulch and rye residue plots. Yield was less following either crimson clover or
turnip cover crops compared to rye or the polythene mulch system. Application of
herbicides resulted in better yields compared to the no-herbicide treatments. Economic
analysis indicated that there was no significant difference between using a rye cover crop
or plastic under any of the alternative herbicide treatment regimes in 2005. This research
demonstrates the possibility of growing tomato in conservation tillage systems using high
residue cover crops and herbicides to maintain season long weed control.

Keywords: conservation agriculture, cover crop, fruit, conservation tillage, weed sup‐
pression, vegetable
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Nomenclature

S-metolachlor; metribuzin; clethodim; broadleaf signalgrass, Brachiaria platyphylla, BRAPP;
large crabgrass, Digitaria sanguinalis DIGSA; leafy spurge, Euphorbia esula L. EPHES; common
pokeweed,  Phytolaca  americana,  PHATAM; yellow nutsedge,  Cyperus  esculentus  L.CYPES;
tomato, Lycopersicon esculentum L.; crimson clover, Trifolium incarnatum L.; rye, Secale cereale L.;
turnip, Brassica rapa L.

Abbreviations

PRE, preemergence;

POST, postemergence

Tomato (Lycopersicon esculentum L.) is the most popular fruit in the world. Nearly 1.7 million
tons of fresh market field grown tomatoes were produced in the U.S. in 2005 [1]. The U.S.
produces more than 11% of the world’s tomato crop. Tomato production systems typically
utilize conventional tillage, a bedded plastic mulch culture, and multiple herbicide applica‐
tions to control weeds. These conventional tillage systems enhance soil erosion and nutrient
loss by reducing rainfall infiltration [2]. Additionally, tillage increases aeration which increases
the rate of organic matter mineralization in the surface soil, thus reducing soil organic matter
content, soil cation exchange capacity, and potential productivity [3, 4].

Plastic mulch can increase soil temperature which can expedite tomato harvest earliness [5].
Tomato harvest was not early following a hairy vetch mulch system [6, 7]. The use of plastic
mulches in sustainable or organic production systems is in question by some producers and
consumers since the mulch itself is non-biodegradable and made of non-renewable resour‐
ces. Another environmental disadvantage with using plastic mulch vs. organic mulches is
increased chemical runoff from plastic mulch systems and subsequent offsite chemical
loading [8]. Thus, the intensive use of pesticides in vegetable production has resulted in
ecological concerns. Therefore, alternative production practices that reduce tomato produc‐
tion inputs while maintaining yield and quality are desired.

One alternative for alleviating the aforementioned concerns is the use of high residue cover
crops combined with reduced tillage. Cover crops in conservation-tillage systems can be
terminated during early reproductive growth by mechanically rolling and treating with
burndown herbicides to leave a dense mat of residue (>4,500 kg ha−1) on the soil surface into
which cash crops are planted [9, 10]. Adoption of high residue cover crops is increasing in
southeastern US corn (Zea mays L.) and cotton (Gossypium hirsutum L.) row crop systems [11–
13]. Because the southeastern US typically receives adequate rainfall in the winter months,
timely planted winter cover crops can attain relatively high maturity and biomass before
termination. Cover crops can enhance the overall productivity and soil quality by increasing
organic matter and nitrogen content [14], as well as aid in water conservation by increasing
soil water infiltration rates [15]. Additionally, previous research has also focused on weed
control provided by high residue cover crops in both field and vegetable crops [11, 16, 17].
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Winter cover crop biomass can affect subsequent early season weed control [18–20]. Cover
crop residue facilitates weed control by providing an unfavorable environment for weed
germination and establishment under the residue, as well as allelopathy [21, 22]. Teasdale and
Daughtry [23] reported 52–70% reduction in weed biomass with live hairy vetch cover crop
compared to a fallow treatment owing to changes in light and soil temperature regimen under
the vetch canopy. Teasdale and Mohler [21] reported that legume mulches such as crimson
clover and hairy vetch (Vicia villosa Roth) suppressed redroot pigweed (Amaranthus retro‐
floxus L.) at an exponential rate as a function of residue biomass.

However, adoption of cover crops in tomato production has been limited because (1) current‐
ly available transplanters have problems penetrating heavy residue and (2) heavy cover crop
residue can intercept delivery of soil-active herbicides. Research in the last two decades has
extensively debated the advantages and disadvantages of cover crops vs. conventional plastic
mulch systems for tomato production. Better or comparable tomato yields with hairy vetch
cover crop system have been reported compared to the conventional polyethylene mulch
system [24, 25]. Akemo et al. [26] also reported higher tomato yield with spring sown cover
crops than the conventionally cultivated check. Weed control with cover crops however varies
with cover crop species, amount of residue produced, and environmental conditions.
Teasdale [21] reported that biomass levels achieved by cover crops before termination was
sufficient only for early season weed control. Supplemental weed control measures are usually
required to achieve season long weed control and to avoid yield losses [16, 27].

Cereal rye and crimson clover are two common winter cover crops widely used in the
southeastern U.S. Both cover crops contain allelopathic compounds and produce residues that
inhibit weed growth [28, 29]. Brassica cover crops are relatively new in the southeastern US
but, are becoming increasingly popular due to their potential allelopathic effects. Therefore,
the objectives of this research were to evaluate: 1) weed control in three different high residue
cover crop conservation tillage systems utilizing the Brazilian cover crop management system,
and 2) tomato stand establishment, yield, and net returns of conservation-transplanted
tomatoes compared to the polythene mulch system following three different herbicide
management systems.

1. Materials and methods

1.1. Field experiment

The experiment was established in autumn 2004 and 2005 at the North Alabama Horticul‐
ture Experiment Station, Cullman, AL on a Hartsell fine sandy loam soil (Fine-loamy, siliceous,
sub-active, thermic Typic Hapludults). The experimental design was a randomized com‐
plete block with four replicates. Plot size at both locations was 1.8 by 6 m containing a single
row of tomatoes with a 0.5 m spacing between plants.

The three winter cover crops [cereal rye cv Elbon, crimson clover cv AU Robin and turnip
(Brassica rapa L subsp. rapa cv Civastro)] were compared to black polythene mulch for their
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weed suppressive potential and effect on yield and grade of fresh market tomatoes. Winter
cover crops were planted with a no till drill each fall. Rye was seeded at a rate of 100 kg ha−1,
whereas clover and turnip were seeded at 28 kg ha−1. Nitrogen was applied at a rate of 67 kg
ha−1 on rye and turnip plots in early spring of each year. Cover crops were terminated at
flowering stage in late spring. To determine winter cover crop biomass production, plants were
clipped at ground level from one randomly selected 0.25 m2 area per replicate immediately
before termination. Plant samples were dried at 65°C for 72 hours and weighed. Cover crops
were terminated with a mechanical roller crimper prior to an application of glyphosate at 1.12
kg a.e. ha−1. The rolling process produced a uniform residue cover over the plots.

All four cover systems (three winter cover crops plus plastic mulch) were evaluated with and
without herbicide for weed control. Herbicide treatments included a preemergence (PRE)
application of S-metolachlor (1.87 kg a.i. ha−1) either alone or followed by an early postemer‐
gence (EPOST) metribuzin (0.56 kg a.i. ha−1) application, followed by a late POST (LPOST)
application of clethodim (0.28 kg a.i. ha−1). These three herbicide treatments were applied in a
factorial combination with the four mulch treatments. Additionally, a fallow no herbicide
treatment plot was included in each replication. The PRE application occurred one day before
transplanting, the EPOST application was applied two weeks after transplanting, and the
LPOST application was delayed until tomatoes were near mid-bloom. The PRE herbicide
treatment in plastic mulch plots were applied before laying the plastic on top of the beds and
POST treatments were applied over the total surface of the beds including tomato plant
openings. Tomato cv. ‘Florida 47’ seedlings were transplanted on 4th April 2005 and on April
9th in 2006.

Tomato seedlings were planted with a modified RJ No-till transplanter (RJ Equipment,
Blenhiem, Ontario, Canada), which included a subsoiler shank installed to penetrate the heavy
residue and disrupt a naturally occurring compacted soil layer found at both experimental
sites at a depth of 30–40 cm. Additionally, two driving wheels were utilized (one wheel on
each side of the tomato row) instead of the original single wheel at the center of the row, to
improve stability and eliminate drive wheel re-compaction of the soil opening created by the
shank. The plastic-mulch plots were conventionally tilled utilizing a tractor mounted rototil‐
ler prior to bedding and plastic installation; tomatoes were hand transplanted in the plastic
mulch each year. Water was applied to all the plots immediately after transplanting.
Thereafter, plots were irrigated every other day using a surface drip tape. General produc‐
tion practices included staking and fertilization. Fertilizer 13-13-13 was applied prior to
planting achieving 448 kg of N ha−1 and then 7.8 kg of calcium nitrate ha−1 was applied once
every week with the irrigation system.

Weed control was evaluated by visual ratings (0% = no control, 100% = complete control) 28
days after treatment (DAT) of the EPOST herbicide application. All weed species present were
evaluated for control (as a reduction in total above ground biomass resulting from both
reduced emergence and growth). Stand establishment was determined by counting the
number of living tomato plants in each plot two weeks after LPOST application. Ripe tomatoes
were hand harvested from the entire plot area in weekly intervals and sorted according to
size (small, medium, large, and extra large categories).
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1.2. Statistical analysis

Non-normality and heterogeneous variances were encountered with percent control data.
Various approaches were tried to alleviate these statistical problems and the arcsine transfor‐
mation was deemed the best compromise between achieving normality of residuals and among
treatment homogeneity of variances. The transformed data were subjected to mixed models
analysis of variance as implemented in JMP statistical software. Years, herbicide treatments
and ground cover treatments were considered fixed effects while their interaction with
treatment replication was considered random effects. Differences between treatments means
were determined by Fisher's protected LSD (α = 0.05) where year by treatment interactions
were not significant data pooled across years.

1.3. Economic analysis

Enterprise budgets were generated using Mississippi State (2005) vegetable planning budg‐
ets [30]. These budgets were based on a standard yield of 39,230 kg ha−1 (35,000 lbs ac−1). Seed
and plant costs include the cost of cover crop seed (Turnip—$146 ha−1; Crimson Clover—$58
ha−1; Rye—$49 ha−1) and the cost of tomato transplants ($838 ha−1). Fertilizer costs included the
cost of N application and calcium nitrate for the cash crop ($228 ha−1), as well as, the addition‐
al N applied for the rye and turnip cover crops ($68 ha−1). Herbicide costs were based on
treatment applications as described above and varies with cover crop x herbicide treatment
combinations. Insecticide and fungicide costs followed extension recommendations and
varied by year due to different climatic conditions (i.e. insecticide and fungicide costs were
$122 ha−1 and $189 ha−1 in 2006, respectively). Harvesting costs are based on custom rates for
harvesting, packing, and grading of tomatoes based on hand harvesting. Supplies costs
represent purchase of stakes, string, buckets, as well as other harvesting and planting supplies.
Irrigation costs are broken into the variable cost of water application ($26 ha−1) and the fixed
costs of the machinery ($1890 ha−1). Irrigation costs were calculated based on the cost of surface
drip tape and pumping 152 mm of water every week from surface water reservoirs located on
both experiment stations.

Machinery costs are broken into variable and fixed costs. Variable machinery costs represent
the cost fuel, as well as repair and maintenance costs. Fixed machinery costs represent cost of
machinery purchase based on an annual payment of loan, interest, taxes, and depreciation.
Labor costs represent operator labor for machinery, as well as hand labor in the field.
Equipment used during production included a no-till drill for sowing cover crops, a tractor
mounted cover crop roller (Bingham Brothers Inc., Lubbock, TX, USA), a tractor mounted
rototiller, and a modified RJ tomato transplanter. For all the fungicide and insecticide
applications, a JACTO vegetable air blast sprayer (Jacto Inc., Tualatin, OR, USA) mounted on
a John Deere 4030 tractor (Moline, IL, USA) was used.

The interest on operating capital represents the opportunity costs of investing monies spent
on variable costs in its next best alternative. This is calculated based using an interest rate of
7% over an investment period of six months (length of the tomato growing season). Overhead
and management costs represent those costs that pertain to the operation of the whole farm
that are partially attributed to the vegetable production enterprise, such as the costs for
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property taxes and insurance. Overall costs fluctuated between $22,131 ha−1 to $22,822 ha−1 due
to changes in herbicide treatments and cover crop regimes.

Net revenue data, representing the return over total costs, was estimated by calculating total
revenues for each plot on a per hectare basis and subtracting total costs. Only data from the
Cullman, AL location was utilized for this analysis. Total crop revenue ($ ha−1) was calculat‐
ed by multiplying the price of tomatoes ($0.63 kg−1) times the plot yield (kg ha−1) [1]. Total costs
were calculated using the cost budgets, adjusted for year (i.e. insecticide and fungicide costs).
All estimates were calculated using 2005 dollars to minimize variability due to price fluctua‐
tions, allowing comparisons over time. Net revenue data was analyzed using analysis of
variance as implemented in SAS® using PROC Mixed. Difference between treatments means
were determined by single degree of freedom contrasts.

2. Results and discussion

2.1. Cover crop biomass

The quantity of cover crop biomass produced at both locations differed among cover crops,
with rye producing 9363 kg ha−1, and crimson clover producing 5481 kg ha−1 of dry matter.
Turnip produced least biomass at 3860 kg ha−1.

2.2. Weed control

The major weeds in the cover crop and plastic mulch plots included yellow nutsedge (Cyperus
esculentus L.), smooth pigweed (Amaranthus hybridus L.), pokeweed (Phytolaca americana L.),
tall morningglory [Ipomoea purpurea (L.) Roth], goosegrass [Eleusine indica (L.) Gaertn.], leafy
spurge (Euphorbia esula L.), and broadleaf signalgrass [Urochloa platyphylla (Munro ex C.
Wright) R.D. Webster] and ivyleaf morningglory (Ipomoea hederacea Jacq.). Other weed species
included wild radish (Raphanus raphanistrum L.), Virginia buttonweed (Diodia virginiana L.),
smallflower morningglory (Jacquemontia tamnifolia (L.) Griseb.). Weed control data for only the
major weed species is discussed in this manuscript.

2.2.1. Broadleaf signalgrass

Broadleaf signalgrass was present only at Cullman in 2005. Averaged over ground cover
treatments (Table 1), broadleaf signalgrass was controlled 11% without herbicides. Control
improved significantly with herbicide application. S-metolachlor applied PRE controlled
broadleaf signalgrass 79%; control improved to 97% when S-metolachlor PRE was followed
by EPOST application of metribuzin fb LPOST clethodim application. Averaged over herbicide
treatments (Table 1), turnip and crimson clover residue controlled broadleaf signalgrass 57%
and 55% respectively. Control was significantly higher in rye and plastic mulch plots at 81%
and 84% respectively compared to turnip and crimson clover plots.
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Effect/

source

CYPES AMAPA DIGSA BRAPP ELEIN PHTAM PHBPU EPHES IPOHE DIQVI IAQTA RAPRA

Environment (E) 0.401 0.044 <0.001 NA NA NA NA NA NA NA NA NA

Cover (C) 0.186 0.104 0.388 0.003 0.006 0.001 <0.001 <0.001 0.074 <0.001 <0.001 0.015

C × E 0.090 0.173 0.021 NA NA NA NA NA NA NA NA NA

Treatment (T) 0.021 0.006 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.496 0.157 0.058 <0.001

T × E 0.001 0.376 <0.001 NA NA NA NA NA NA NA NA NA

C × T 0.268 0.981 0.143 0.307 0.254 0.762 0.009 0.004 0.968 0.788 0.891 0.763

C × T × E 0.762 0.447 0.41 NA NA NA NA NA NA NA NA NA

Weeds were present in

Year Location

2005 Cullman Cullman Cullman Cull

man

Cullman Cullman Cullman

2006 Cullman Cullman Cullman Cullman

2006 Tuskegee Tuskegee Tuskegee Tuskegee Tuskegee Tuskegee

CYPES, yellow nutsedge; AMAPA, palmer amaranth; DIGSA, large crabgrass; BRAPP, broadleaf signalgrass; ELEIN,
goosegrass; PHTAM, pokeweed; PHBPU, tall morningglory; EPHES, leafy spurge; IPOHE, ivyleaf morningglory;
DIQVI, virginia buttonweed; IAQTA, smallflower morningglory; RAPRA, wild radish.

Table 1. Analysis of variance for weed controla.

2.2.2. Goosegrass

Goosegrass was present only at Cullman 2005. Averaged over all ground cover treatments
(Table 1), goosegrass could not be controlled (6%) without herbicides. S-metolachlor PRE
controlled goosegrass 76%. S-metolachlor PRE fb metribuzin EPOST fb clethodim LPOST
controlled goosegrass 96%. Averaged over herbicide treatments (Table 1), turnip and crimson
clover residue controlled goosegrass ≤ 60%. Rye residue and plastic mulch provided similar
(80% and 79%) and higher control than turnip and crimson clover.

2.2.3. Pokeweed

Pokeweed was present at Cullman 2005. Averaged over ground cover treatments (Table 1)
pokeweed was controlled 16% without herbicides. Control improved significantly with S-
metolachlor PRE at 60% and S-metolachlor PRE fb metribuzin EPOST fb clethodim LPOST
at 83%. Averaged over herbicide treatments (Table 1), turnip and crimson clover residue
controlled pokeweed ≤ 40%. Rye residue controlled pokeweed 68% whereas pokeweed control
was 86% in plastic mulch plots. However, the differences were not significant (P = 0.324) for
rye and plastic mulch plots.

2.2.4. Smooth pigweed

Smooth pigweed was present at Cullman site during both the years. Averaged over ground
cover treatments (Table 2), similar to other aforementioned weeds, smooth pigweed was
controlled 9% in 2005 and 50% in 2006. None of the herbicide treatments provided accepta‐
ble control of smooth pigweed (≤70%). Averaged over herbicide treatments (Table 1) control
was in general less in 2005 compared to 2006. Turnip residue suppressed smooth pigweed 30%
in 2005 and 67% in 2006. Smooth pigweed was controlled 12% in 2005 and 52% in 2006 in
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crimson clover plots. Control was better in plastic mulch plots in 2005 (73%) but trend reversed
in 2006, where rye plots recorded 71% and plastic mulch plots provided 57% control of smooth
pigweed. However, differences in smooth pigweed control in rye and plastic mulch plots were
not significant in either year.

Herbicide treatments Cullman 2005 Cullman 2006 Tuskegee 2006

Preemergence Postemergence BRAPP ELEIN PHTAM AMACH CYPES AMACH CYPES DIGSA IPOHE CYPES DIGSA DIQVI JAQTA RAPRA

%

None None 11 6 16 9 30 50 80 73 76 84 6 64 82 13

S-metolachlor None 79 76 60 43 84 65 89 90 88 68 28 48 51 9

S-metolachlor metribuzin fb clethodim 97 96 83 69 95 70 83 81 81 77 90 36 56 59

P-values from contrasts:

PRE + POST vs.PRE alone 0.002 0.002 0.110 0.141 0.183 0.958 0.800 0.624 0.781 0.837 <0.001 0.761 0.949 0.003

PRE + POST vs. non treated <0.001 <0.001 <0.001 <0.001 <0.001 0.546 0.973 0.793 0.907 0.856 <0.001 0.214 0.184 0.006

PRE alone vs. non treated <0.001 <0.001 0.013 0.098 <0.001 0.717 0.682 0.284 0.539 0.510 0.133 0.587 0.103 0.965

Information about herbicide rate and application timing can be found in Table 5.

Table 2. Effect of herbicide treatments on broadleaf signalgrass (BRAPP), goosegrass (EELEIN), pokeweed (PHTAM),
smooth pigweed (AMACH), and yellow nutsedge (CYPES), largecrabgrass (DIGSA), Virginia buttonweed (DIQVI),
smallflower morningglory (JAQTA), and wild radish (RAPRA) control at Cullman and Tuskegee AL.

2.2.5. Yellow nutsedge

Yellow nutsedge was present at all the site years in this experiment. Averaged over ground
cover treatments (Table 1), S-metolachlor applied PRE controlled yellow nutsedge only 55%.
Bangarwa et al., have also reported less than 70% control of yellow nutsedge with S-metola‐
chlor applied PRE in transplanted tomato in polyethylene mulch. Yellow nutsedge control
increased to 70% when S-metolachlor was fb metribuzin EPOST fb clethodim LPOST.
Averaged over herbicides rye residue provided 60% and Polyethylene mulch 65% control of
yellow nutsedge.

2.2.6. Ivyleaf morningglory

Ivyleaf morningglory control did not differ among herbicide treatments. Averaged over
herbicide treatments (Table 1), turnip and rye residue provided 94% and 90% control of ivyleaf
morningglory. Control was 66% in crimson clover plots and 70% in plastic mulch plots.

2.2.7. Large crabgrass

No significant differences in large crabgrass control were observed among herbicide treat‐
ments. Averaged over herbicide treatments (Table 1) large crabgrass control was 88% in both
turnip and rye plots. Control was 75% in crimson clover and plastic mulch plots.

2.2.8. Tall morningglory

Ground cover by herbicide treatment interaction was significant for tall morningglory
control (Table 3). Ground cover treatments failed to control tall morningglory without
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herbicides (0–23%). Application of S-metolachlor controlled tall morningglory 41% in turnip
plots but no control was observed in crimson clover plots. However, the same treatment
provided good control of tall morningglory in plastic mulch (94%) and rye residue (98%) plots.
S-metolachlor PRE fb metribuzin EPOST fb clethodim LPOST controlled tall morningglory ≤
50% in turnip and crimson clover plots but controlled tall morningglory 98% in plastic mulch
plots. Tall morningglory control declined to 71% in rye residue plots when S-metolachlor PRE
was fb metribuzin EPOST fb clethodim LPOST.
Ground cover Turnip Turnip Turnip Clover Clover Clover Plastic Plastic Plastic Rye Rye Rye

Herbicide treatment None Pre Pre + Post None Pre Pre + Post None Pre Pre + Post None Pre Pre + Post

Variable costs

Seeds/plants 984 984 984 896 896 896 838 838 838 887 887 887

Fertilizer 295 295 295 228 228 228 228 228 228 295 295 295

Herbicides 16 68 109 16 68 109 0 68 109 16 68 109

Insecticides 182 182 182 182 182 182 182 182 182 182 182 182

Fungicides 232 232 232 232 232 232 232 232 232 232 232 232

Scouting/soil tests 19 19 19 19 19 19 19 19 19 19 19 19

Custom harvest/grade/pack 7888 7888 7888 7888 7888 7888 7888 7888 7888 7888 7888 7888

Supplies (stakes, buckets, etc. ) 6719 6719 6719 6719 6719 6719 6719 6719 6719 6719 6719 6719

Irrigationb 26 26 26 26 26 26 26 26 26 26 26 26

Machineryc 658 660 665 637 640 644 608 610 615 658 661 665

Labord 559 565 575 550 555 565 1159 1164 1174 559 565 575

Interest on operating capitale 571 573 575 565 567 569 582 584 586 568 570 572

Total variable costs 18,150 18,211 18,268 17,958 18,019 18,076 18,480 18,558 18,615 18,050 18,111 18,168

Fixed costs

Machineryc 1085 1090 1101 1026 1032 1043 998 1003 1014 1084 1090 1101

Irrigationb 1890 1890 1890 1890 1890 1890 1890 1890 1890 1890 1890 1890

Overhead/managementf 1271 1275 1279 1257 1261 1265 1294 1299 1303 1264 1268 1272

Total fixed costs 4245 4255 4270 4173 4183 4198 4181 4192 4207 4238 4248 4263

Total costs 22,395 22,466 22,538 22,131 22,202 22,274 22,661 22,750 22,822 22,288 22,359 22,431

Note: Information about herbicide rate and application timing can be found in Table 5.
Source: Costs were based on cost estimates from Mississippi State (2005).
a The following assumptions were made in the estimation of the budgets: (i) plant 11960 plants ha−1; (ii) fertigation was
for 1 hr week−1; (iii) 15.24 cm (6 in.) of water was applied during the growing season; and (iv) base yield was 39,230 kg
ha−1 (35,000 lbs ac−1). The yield assumption was needed for calculating harvesting/grading/packing costs.
b Variable irrigation costs represents expenditures for application of water during the growing season. Fixed irrigation
costs represent the costs of the machinery for performing irrigation.
c Variable machinery costs represent costs for fuel, maintenance and repair. Fixed machinery costs represent the costs
of purchasing the machinery, interest and depreciation.
d Labor costs represent the costs of operating machinery and hand labor during the growing season.
e The interest on operating capital represents the opportunity cost of investing the monies spent on variable costs into
vegetable production.
f Overhead and management fixed costs represent overall farm management costs and general expenses for the whole
farm that are partially applicable to the vegetable enterprises undertaken.

Table 3. Cost budgets (USD ha−1) for tomato production by cover crop and herbicide treatment system at Cullman, AL,
2005a.

2.2.9. Leafy spurge

Ground cover by herbicide treatment interaction was significant for leafy spurge also. Turnip
and crimson clover residue failed to control leafy spurge with or without herbicides (Table 3).
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Application of S-metolachlor alone controlled leafy spurge 86% in plastic mulch plots and 97%
in rye residue plots. Control of leafy spurge increased in plastic mulch plots, when S-metola‐
chlor PRE was fb metribuzin EPOST fb clethodim LPOST but decreased under rye residue.

This research demonstrates that high residue cover crops like rye can provide improved weed
control compared to black polyethylene mulch. Crimson clover and turnip residue in general
were less effective in controlling summer annual weeds. This could partially be due to less
biomass production by these cover crops and also rapid decomposition of the legume residue
due to lower C:N ratio. Decomposition rate of Brassicas is between grasses and legumes [31].
Another important factor which could have facilitated increased weed control by rye resi‐
due is rolling rye with mechanical roller crimper prior to its termination with glyphosate. The
rolling process resulted in a uniform mat of residue on the soil surface that was a substantial
physical barrier for weed seedlings to emerge through, compared to tomato plant openings in
the plastic mulch system that provides no barrier. Despite improved weed control, herbi‐
cides were always required to provide acceptable weed control by ground cover treatments,
which is in agreement with the previous research [16]. The PRE application alone was also not
sufficient in controlling a majority of weeds. Yenish et al. [32] also reported inconsistent control
with cover crop residue and concluded herbicides were always required to achieve opti‐
mum weed control in corn. However, Yenish et al. [32] cautioned weed control should not be
the only criterion in selection of cover crops. Factors like cost and ease of establishment, impact
on yield should be taken into consideration before selecting a cover crop.

2.3. Tomato stand establishment

No significant difference in stand establishment among the plastic mulch and rye residue plots.
Crimson clover plots had fewer tomato plants compared to other treatments at Cullman 2005;
however, the differences were not significant. Non-significant differences in tomato stand
establishment were observed among ground cover treatments at Cullman 2006.

2.4. Tomato yield

Tomatoes were harvested only at the Cullman location in 2004 and 2005. There was no winter
cover crop by herbicide interaction. Thus, the model reduces to a main effects model for winter
cover crop and herbicide treatment effects. Tomato fruit yield was greater in 2005 compared
to 2006. Pooled over herbicide treatments (Table 4), tomato yield was similar following rye
cover and plastic mulch systems. Both these systems yielded 50 Mg ha−1 and 51 Mg ha−1
marketable tomato respectively in 2005, and 38 Mg ha−1 in 2006. However, the number of rotten
tomato was more in plastic mulch plots than in rye plots in 2005, whereas no differences in
total and marketable tomato yield were observed in these systems in 2006. Crimson clover
plots yielded least in 2005. The lower yields following clover were likely due to higher weed
interference in these systems. Yield was similar in turnip and crimson clover plots in 2006.
Non-significant differences in tomato yield among ground cover treatments were observed
in 2006. Averaged across ground cover treatments (Table 2), both herbicide regimen result‐
ed in better yields compared to the no herbicide plots during both the years. Higher yields
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were obtained with the system containing both PRE and POST herbicide applications. Teasdale
and Abdul-Baki [15] also concluded that marketable tomato yields were lower in cover crop
treatments without herbicides than the corresponding treatments with herbicides in two of
three years. No significant cover or herbicide treatment differences (P > 0.50) were observed
for marketable classes of fruit, although there was a difference in frequency of market classes
between the two years (data not shown). The number of small and medium-sized fruits was
greater in 2005 than in 2006.

Cullman Cullman Tuskegee

2005 2006 2006

Cover AMACH BRAPP CYPES ELEIN PHTAM AMACH CYPES DIGSA IPOHE CYPES DIGSA DIQVI JAQTA RAPRA

%

Brassica 30 57 53 58 25 67 95 88 94 69 38 39 56 14

Crimson clover 12 55 70 50 38 52 69 75 66 80 39 54 71 9

Plastic 73 84 85 80 86 57 71 75 70 75 72 0 12 29

Rye 46 81 87 79 65 71 94 88 90 80 33 90 96 56

P-values from contrasts

Brassica vs. Clover 0.770 0.998 0.591 0.886 0.904 0.916 0.219 0.726 0.139 0.992 1.000 0.864 0.860 0.992

Brassica vs. Plastic 0.050 0.023 0.043 0.107 0.002 0.970 0.234 0.719 0.190 0.820 0.014 0.301 0.190 0.820

Brassica vs. Rye 0.782 0.055 0.023 0.137 0.101 0.997 0.999 1.000 0.967 0.069 0.970 0.014 0.035 0.069

Clover vs. Plastic 0.005 0.016 0.446 0.017 0.009 0.997 1.000 1.000 0.995 0.663 0.016 0.069 0.038 0.663

Clover vs. Rye 0.243 0.036 0.302 0.023 0.348 0.817 0.263 0.735 0.277 0.038 0.957 0.084 0.180 0.038

Plastic vs. Rye 0.324 0.981 0.993 0.999 0.337 0.907 0.278 0.727 0.378 0.366 0.005 <0.001 <0.001 0.366

Information about herbicide rate and application timing can be found in Table 5.

Table 4. Effect of ground cover treatments on broadleaf signalgrass (BRAPP), goosegrass (EELEIN), pokeweed
(PHTAM), smooth pigweed (AMACH) and yellow nutsedge (CYPES), ivyleaf morningglory (IPOHE), smallflower
morningglory (JAQTA), and wild radish (RAPRA) control at Cullman and Tuskegee AL.

Preemergence† Postemergence‡

Herbicides Rate (kg ha−1) Herbicides Rate (kg ha−1)

None – None –

S-metolachlor 1.87 None –

S-metolachlor 1.87 Metribuzin fb Clethodim 0.56 + 0.28

All preemergence herbicides were applied on the day of tomato transplanting
Postemergence application of metribuzin was accomplished 4 weeks after transplanting tomato followed by clethodim
application at bloom initiation.

Table 5. Details of herbicide treatment rates and application timings.

PHBPU EPHES

Herbicide treatments Ground treatment Ground treatment

Preemergence Postemergence Turnip Crimson clover Plastic Rye Turnip Crimson clover Plastic Rye

%

None None 0 0 23 21 0 0 35 21

S-metolachlor None 41 0 94 99 4 0 86 97

S-metolachlor metribuzin fb clethodim 47 21 98 71 0 43 98 71

P-values from contrasts

PRE + POST vs.PRE alone 1.000 0.999 1.000 0.470 1.000 0.793 0.939 0.592
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PHBPU EPHES

PRE + POST vs. non treated 0.762 0.999 0.004 0.550 1.000 0.793 0.006 0.443

PRE alone vs. non treated 0.895 1.000 0.022 0.003 1.000 1.000 0.231 0.003

Information about herbicide rate and application timing can be found in Table 5.

Table 6. Effect of ground cover and herbicide treatments on tall morningglory (PHBPU) and leafy spurge (ESULA)
control at Cullman, AL in 2005.

2005 2006 2006 2005 2006

Cover Cullman Tuskegee Total Marketable Total Marketable

No. of Plants ha−1 Mg ha−1

Brassica 10903 10671 8274 49 42 36 29

Crimson clover 9743 10980 6495 38 33 36 29

Plastic 12140 11135 6263 59 50 38 31

Rye 11522 11599 8351 58 51 38 31

P-values from contrasts

Brassica vs. Clover 0.657 0.901 0.073 0.323 0.375 1.000 1.000

Brassica vs. Plastic 0.609 0.723 0.036 0.331 0.400 0.972 0.996

Brassica vs. Rye 0.926 0.180 1.000 0.462 0.348 0.970 0.998

Clover vs. Plastic 0.106 0.987 0.988 0.007 0.013 0.975 0.995

Clover vs. Rye 0.312 0.514 0.058 0.014 0.010 0.973 0.997

Plastic vs. Rye 0.926 0.723 0.027 0.996 1.000 1.000 1.000

Information about herbicide rate and application timing can be found in Table 5.

Table 7. Effect of ground cover treatments on tomato stand establishment at Cullman and Tuskegee AL and tomato
yield at Cullman in 2005 and 2006.

Cullman Tuskegee 2005 2006

Herbicide Treatments 2005 2006 2006 Total Marketable Total Marketable

Preemergence Postemergence No of Plants ha−1 Mg ha−1

None None 11193 10381 6901 47 40 30 24

S-metolachlor None 11019 11599 7365 50 42 40 33

S-metolachlor metribuzin fb clethodim 11019 11309 7771 56 49 41 33

P-values from contrasts

PRE + POST vs.PRE alone 1.000 0.730 0.789 0.452 0.366 0.991 0.997

PRE + POST vs. non treated 0.978 0.054 0.342 0.227 0.145 0.107 0.161

PRE alone vs. non treated 0.978 0.010 0.734 0.890 0.856 0.135 0.139

Information about herbicide rate and application timing can be found in Table 5.

Table 8. Effect of herbicide treatments on tomato stand establishment at Cullman and Tuskegee AL and yield at
Cullman in 2005 and 2006.

Treatment Net Returns

Grond Cover Herbicide 2005 2006

USD ha−1

Turnip None 7838 abc −4199

Turnip Pre 3461 ab 4654

Turnip Pre + Post 6176 abc† 390
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Treatment Net Returns

Crimson clover None −765 ab 566

Crimson clover Pre −1067 ab −1274

Crimson clover Pre + Post 8288 abc 2101

Plastic None 9487 bc −4884

Plastic Pre 8720 abc 4563

Plastic Pre + Post 9918 bc 2280

Rye None 4060 abc −190

Rye Pre 13,924 c 341

Rye Pre + Post 12,311 bc 1295

Single degree of freedom contrasts were conducted with SAS® PROC MIXED to examine differences between least
square means at P < 0.05. Least square means followed by the same letter are not significantly different.

Table 9. Least square means of net returns over total costs for all the cover crop by herbicide systems at Cullman, AL.
Information about herbicide rate and application timing can be found in Table 5.

2.5. Economic analysis

Economic costs of tomato production varied by treatment combination, but differences in costs
due to treatment differences were relatively small overall, never larger than 3 percent of total
costs (Table 5). Yield differences between treatments resulted in significant changes in total
costs. Given that tomatoes were hand harvested, the cost of custom harvesting was the most
significant cost of production (roughly 35 percent of total costs). Harvesting costs are a function
of tomato yield. As yield increases, harvesting costs increase as more tomatoes need to be
harvested from the field. Given that tomato yield varied significantly, this affected the total
costs across treatments when calculating net returns. Furthermore, yield is a significant factor
in calculating total crop revenue, resulting in significant variations in total crop revenue across
treatments. Thus, primary differences in net revenue were primarily due to differences in
tomato yields across treatments. However, given yield impacts both costs and revenues, net
returns may not move in the same direction as yield.

In 2005, for all cover crop by herbicide system interactions, rye receiving only a PRE applica‐
tion provided the highest returns ($13,924 ha−1) followed by rye receiving both herbicide
applications ($12,211 ha−1) (Table 5). The lowest returns in 2005 were from clover with only a
PRE application (−$1067 ha−1) followed by clover with no herbicide application (−$765 ha−1).
Both treatments with the highest return were significantly different from the two treatments
with the lowest returns in 2005. For all the treatment combinations in between, excluding
turnips with a PRE application, treatment differences were insignificant. In addition, results
in 2005 indicate that there is no significant difference between using a rye cover crop or plastic
under any of the alternative herbicide treatment regimes.

In 2006, the returns in general were significantly lower compared to 2005. In addition,
differences in net returns between treatment combinations were not statistically significant
(Table 5). The highest net returns were from using turnips with only a PRE application ($4654
ha−1), followed by plastic with only a PRE application ($4563 ha−1). Clover and rye returns were
maximized when both PRE and POST herbicide application were applied. For the herbicide

Herbicide and Cover Crop Residue Integration in Conservation Tillage Tomato
http://dx.doi.org/10.5772/62320

157



treatments, the highest returns were achieved with only the PRE emergence application and
lowest when herbicides were excluded.

Our study indicates that winter cover crop residue can provide early season weed control with
supplemental use of EPOST herbicides. However, total reliance on a winter cover crop for
weed control was not sufficient, and in all cases herbicides were required to provide season-
long weed control to maintain tomato yield. As hypothesized, it was evident that the use of
winter cover crop for weed control cannot completely replace herbicides. However, by
reducing the use of PRE herbicides, growers can decrease the amount of pesticide intro‐
duced into the environment. Our results further indicate that performance of a rye winter cover
crop was either equal or comparable to plastic mulch in controlling weeds and maintaining
tomato yields, thus reducing the need for tillage and other seedbed preparation operations.
Tomato establishment was also not affected by presence of high residue at the time of
transplanting, which is a valid concern in high residue conservation tillage systems. These
findings can further the development of sustainable farming systems.

Results in this paper are short term effects of converting from a conventional plastic mulch
system to three high-residue conservation tillage systems. These results indicate the econom‐
ic possibility of growing fresh market tomatoes utilizing a conservation tillage system while
maintaining yields and economic returns. However, the long term impact of these systems on
yield and profitability require further investigation.

Author details

Andrew J. Price1*, Jessica Kelton2 and Lina Sarunaite3

*Address all correspondence to: andrew.price@ars.usda.gov

1 United States Department of Agriculture, Agricultural Research Service, National Soil
Dynamics Laboratory, Auburn, AL, USA

2 Auburn University, Auburn, AL, USA

3 Institute of Agriculture, Lithuanian Research Centre for Agriculture and Forestry, Lithua‐
nia

References

[1] United States Department of Agriculture (USDA). 2008. Background Statistics: Fresh-
market Tomatoes. http://www.ers.usda.gov/News/tomatocoverage.htm. Accessed:
June 26, 2008.

Alternative Crops and Cropping Systems158



[2] Blough, R.F., A.R. Jarrett, J.M. Hamlett, and M.D. Shaw. 1990. Runoff and erosion rater
from silt, conventional, and chisel tillage under simulated rainfall. Transactions of
ASAE. 33:1557–1562.

[3] Franzluebbers, A.J., G.W. Langdale, and H.H. Schomberg. 1999. Soil carbon, nitrogen,
and aggregation in response to type and frequency of tillage. Soil Sci. Soc. Am. J. 63:349–
355.

[4] Mahboubi, A.A., R. Lal, and N.R. Faussey. 1993. Twenty-eight years of tillage effects
on two soils in Ohio. Soil Sci. Soc. Am. J. 57:506–512.

[5] Teasdale, J.R. and A.A. Abdul-Baki. 1995. Soil temperature and tomato growth
associated with black polythene and hairy vetch mulches. J. Amer. Soc. Hort. Sci.
120:848–853.

[6] Abdul-Baki, A.A., J.R. Teasdale, R. Korcak, D.J. Chitwood, and R.N. Huettel. 1996.
Fresh-market tomato production in a low-input alternative system using cover crop
mulch. HortScience. 31:65–69.

[7] Teasdale, J.R. and A.A. Abdul-Baki. 1997. Growth analysis of tomatoes in black plastic
and hairy vetch production systems. Hortscience. 32:659–663.

[8] Arnold, G.L., M.W. Luckenbach, and M.A. Unger. 2004. Runoff from tomato cultiva‐
tion in the estuarine environment: biological effects of farm management practices. J.
Exp. Marine Biol. Ecol. 2:323–346.

[9] Derpsch, R., C.H. Roth, N. Sidiras, and U. Köpke. 1991. Controle da erosão no Paraná,
Brazil: Sistemas de cobertura do solo, plantio directo e prepare conservacionista do
solo. Deutsche Gesellschaft für Technische Zusammenarbeit.

[10] Reeves, D.W. 2003. A Brazilian model for no-tillage cotton production adapted to the
southeastern USA. Proc. II World Congress on Conservation Agriculture – Producing
in Harmony with Nature. Iguassu Falls, Paraná, Brazil, Aug 11–15, 2003, pp. 372–374.

[11] Price, A.J., D.W. Reeves, and M.G. Patterson. 2006. Evaluation of weed control provided
by three winter cereals in conservation-tillage soybean. Renewable Agric. Food
Systems. 21:159–164.

[12] Reeves, D.W., A.J. Price, and M.G. Patterson. 2005. Evaluation of three winter cereals
for weed control in conservation-tillage nontransgenic cotton. Weed Technol. 19:731–
736.

[13] Sainju, U.M. and B.P. Singh. 2001. Tillage, cover crop, and kill-planting date effects on
corn yield and soil nitrogen. Agron. J. 93:878–886

[14] Sainju, U.M., B.P. Singh, and W.F. Whitehead. 2002. Long-term effects of tillage, cover
crops, and nitrogen fertilization on organic carbon and nitrogen concentrations in
sandy loam soils in Georgia, USA. Soil Till. Res. 63:167–179.

Herbicide and Cover Crop Residue Integration in Conservation Tillage Tomato
http://dx.doi.org/10.5772/62320

159



[15] Arriaga, F.J. and K.S. Balkcom. 2006. Benefits of conservation tillage on rainfall and
water management. In: Hatcher, K.J., editor. Proceedings of the 2005 Georgia Water
Resources Conference, April 25–27, 2005.

[16] Teasdale, J.R. and A.A. Abdul-Baki. 1998. Comparison of mixtures vs. monocultures of
cover crops for fresh-market tomato production with and without herbicide.
Hortscience. 33:1163–1166.

[17] Creamer, N.G., M.A. Bennett, and B.R. Stinner. 1997. Evaluation of cover crop mix‐
tures for use in vegetable production systems. HortScience. 32:866–870.

[18] Teasdale, J.R., C.E. Beste, and W.E. Potts. 1991. Response of weeds to tillage and cover
crop residue. Weed Sci. 39:195–199.

[19] Saini, M., A.J. Price, and E. van Santen. 2006. Cover crop residue effects on early-season
weed establishment in a conservation-tillage corn-cotton rotation. 28th Southern
Conservat. Tillage Conf. 28:175–178.

[20] Teasdale, J.R. and C.L. Mohler. 2000. The quantitative relationship between weed
emergence and the physical properties of mulches. Weed Sci. 48:385–392.

[21] Teasdale, J.R. 1996. Contribution of cover crops to weed management in sustainable
agricultural systems. J. Prod. Agric. 9:475–479.

[22] Nagabhushana, G.G., A.D. Worsham, and J.P. Yenish. 2001. Allelopathic cover crops
to reduce herbicide use in sustainable agricultural systems. Allelopathy J. 8:133–146.

[23] Teasdale, J.R. and C.S.T. Daughtry. 1993. Weed control by live and desiccated hairy
vetch (Vicia villosa) . Weed Sci. 41:207–212.

[24] Abdul-Baki, A.A. and J.R. Teasdale. 1993. A no-tillage tomato Production system using
hairy vetch and subterranean clover mulches. HortScience. 28:106–108.

[25] Abdul-Baki, A.A., J.R. Teasdale, R.W. Goth, and K.G. Haynes. 2002. Marketable yields
of fresh-market tomatoes grown in plastic and hairy vetch mulches. HortScience.
37:878–881.

[26] Akemo, M.C., M.A. Bennett, and E.E. Regnier. 2000. Tomato growth in spring-sown
cover crops. HortScience. 35:843–848.

[27] Masiunas, J.B., L.A. Weston, and S.C. Weller. 1995. The impact of rye cover crops on
weed populations in a tomato cropping system. Weed Sci. 43:318–323.

[28] Price A.J., M.E. Stoll, J.S. Bergtold, F.J. Arriaga, K.S. Balkcom, T.S. Kornecki, and R.L.
Raper. 2008. Effect of cover crop extracts on cotton and radish radicle elongation.
Comm. Biometry Crop Sci. 3:60–66.

[29] Barnes, J.P. and A.R. Putnam. 1983. Rye residues contribute weed control in no-tillage
cropping systems. J. Chem. Ecol. 9:1045–1057.

Alternative Crops and Cropping Systems160



[30] Mississippi State Extension Service, Mississippi State University. 2005. Vegetable
Planning budgets. http://msucares.com/pubs/infosheets/is1514.pdf. Accessed: July 29,
2008.

[31] Sustainable Agriculture Network. 2007. Managing Cover Crops Profitably, 3rd Edition.
Sustainable Agriculture Network Handbook Series, Book 9. p. 73. Sustainable
Agriculture Network, Beltsville, MD.

[32] Yenish, J.P., A.D. Worsham, and A.C. York. 1996. Cover crops for herbicide replace‐
ment in no-tillage corn (Zea mays). Weed Technol. 10:815–821.

Herbicide and Cover Crop Residue Integration in Conservation Tillage Tomato
http://dx.doi.org/10.5772/62320

161



Alternative Crops and 
Cropping Systems

Edited by Petr Konvalina

Edited by Petr Konvalina

Photo by svf74 / iStock

Alternative crops and cropping systems have importance in whole agricultural sector. 
As the name suggests, it is an alternative that can currently represent only a small 

economic importance. On the other hand, in some areas pose a new progressive 
direction, which has the potential to expand in the future. The goal was to write a book 

where as many different existing studies as possible could be presented in a single 
volume, making it easy for the reader to compare methods, results and conclusions. 

As a result, studies from countries such as South Africa, Zimbabwe, Poland, The 
Czech Republic, Mexico and Japan have been compiled into one book. I believe that 

the opportunity to compare results and conclusions from different countries and 
continents will create a new perspective in alternative crops and cropping systems. I 
hope that our book will help researchers and students all over the world to attain new 

and interesting results in the field of alternative crops and cropping systems.

ISBN 978-953-51-2279-1

A
lternative Crops and Cropping System

s

ISBN 978-953-51-5430-3


	Alternative Crops and Cropping Systems
	Contents
	Preface
	Section 1
Alternative Crops
	Chapter 1
Sorghum and Foxtail Millet—Promising Crops for the Changing Climate in Central Europe
	Chapter 2
Ulva Genus as Alternative Crop: Nutritional and Functional Properties

	Section 2
Alternative Cropping Systems
	Chapter 3
Traditional Raised-Floor Granary and Rice Production Cycle in Bali: Past, Present, and Future of Balinese Agriculture
	Chapter 4
Potential of Improving Agronomic Attributes in Tropical Legumes Using Two Mutation Breeding Techniques in Southern Africa
	Chapter 5
Tomato Production with Cover Crops in Greenhouse
	Chapter 6
Hydroponic Cultivation of Tomato
	Chapter 7
Analysis of Soil Profile Water Storage under Sunflower × Cowpea Intercrop in the Limpopo Province of South Africa
	Chapter 8
Herbicide and Cover Crop Residue Integration in Conservation Tillage Tomato


