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Foreword

With ever increasing amounts of information coming forward from scientific
research and ever changing market demands, the need for an overarching view
which encompasses all aspects of a crop and integrates them in a ‘digested’ form
into a meaningful entity for the end user and producer has never been greater. This
applies to most crops that are currently in usage. There is always the concern that
individual papers produce perfectly valid results in their own context but could
result in problems being raised in other production or utilization components of
the production cycle of the crop in question. Examples of this have been reported
several times in recent years.

Modeling is an excellent way of linking together what is known in a meaning-
ful way, yet at the same time identifying areas of lack or weakness in informa-
tion. So models can help to identify future R&D priorities as well as optimizing
production or utilization of the crop in question, based upon best use of existing
knowledge. Further, the question of sustainability can only be answered through
an integrated approach to knowledge and its applications. Hence integrated infor-
mation in some format, including modeling, becomes an essential feature of long-
term sustainable production and utilization of any crop or crop component.

Kenaf as a crop is of course not new. However, its use in parts of Europe as an
industrial crop are relatively new and to an extent, underdeveloped. Additionally, the
crop may well expand in EU as climate change/global warming alters potential pro-
duction areas. Further focus on the need for bio-based industrial crops will be pro-
moted through the recent policy decision within European Commission to progress
the ‘Bio-Economy’. Undoubtedly this development will enhance demand for more
efficient production and utilization of crops or their components, sometimes as food
and non-food feedstock providers and in others as non-food feedstock providers only.

So this book, Kenaf: A Multi-Purpose Crop for Several Industrial Applications
with new insights from Biokenaf Project, is particularly timely in its production
and should make a significant contribution to decision making about and sustain-
able production of kenaf. Perhaps it forms the background ideotype for informa-
tion on sustainable production of other crops?

Wolverhampton, UK Melvyn F. Askew
January 2013



Preface

On re-reading this book, it is difficult for us to understand why kenaf is still prac-
tically absent as a crop in Europe. Its multiple uses, as pointed out by Steef Lips
and Jan van Dam (Chap. 6), such as fabrics, yarns and ropes, building materials,
textiles, bio composites, bedding material, oil absorbents, to name but a few, seem
not only interesting but also highly feasible. They certainly make kenaf one of, if
not the most, fascinating opportunities for the growing European market of natural
fibers, especially in regions with limited supplies of wood.

This was why we decided to ask some of the world’s leading experts on kenaf
to contribute to a book covering the most interesting and up-to-date aspects regard-
ing this crop, in order to understand what the future developments of kenaf might
be and how they can be carried out, not only in Europe but in other countries too.

We are certain that readers will be fascinated by the potential of this plant and
will agree with us about the many opportunities that kenaf can offer. Readers will
also agree that actually finding out about these opportunities and potential uses can
represent a major limitation, and publications like this book can be of great help in
making sure that this crop finally gets off the ground!

However, while on one hand the book describes the considerable potential
of kenaf, on the other it confirms that rapid answers are needed to some specific
critical aspects of this crop. Defang Li and Siqi Huang (Chap. 2) point out, for
example, the still unexpressed potential of genetic improvement, and how ad hoc
programs, together with ecophysiological studies (Danilo Scordia et al., Chap. 3)
could lead to the selection of kenaf genotypes much more suited to European areas,
even much sooner than foreseen. The use of environmental resources and the adop-
tion of ideal agronomic techniques are also fundamental for the success of the crop.
A great deal of more research is needed, but the results reported by Danilo Scordia
et al. (Chap. 3), Efthimia Alexopoulou et al. (Chap. 4) and Ana Luisa Fernando
(Chap. 5) show kenaf’s considerable ability to use natural resources in a more effi-
cient way than traditional crops, with consequent environmental advantages.

The most important progress achieved within the framework of the recent
BIOKENAF project, coordinated in fact by one of the editors of this book, is
brilliantly summarized in Chaps. 7 and 8 by Peter Soldatos et al. and Efthimia
Alexopoulou et al., respectively. In these two chapters, readers will once again find
confirmation of the considerable opportunities offered by this crop, not only from
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viii Preface

an environmental and social point of view, but also from an economic viewpoint,
as described Peter Soldatos et al. in Chap. 7.

We express our gratitude by thanking all the authors for preparing the excellent
contributions to this book, and the people who helped and encouraged us in the
process of writing your book. To those whom we could not invite due to the size of
the book, we offer our apologies.

Italy Andrea Monti
Greece Efthimia Alexopoulou
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Chapter 1
Origin, Description, Importance, and
Cultivation Area of Kenaf

E. Alexopoulou, Y. Papatheohari, M. Christou and A. Monti

Abstract This chapter discusses the origin and taxonomy of kenaf, the description
of the plant parts (stems, leaves, flowers, seeds, and root), the importance of the crop
worldwide, the cultivation area, as well as its importance. Kenaf (Hibiscus cannabinus
L.) is an annual spring crop cultivated for long (4000 BC). It originated from Africa,
disseminated in the 1900s in Asia (in India and then in China) and in the 1940s from
Asia to northern and central USA. Kenaf belongs to the Malvaceae family and sec-
tion Furcaria. It is closely related to cotton, okra, hollyhock, and roselle. Nowadays it
is being cultivated in 20 countries worldwide and its total production (kenaf and allied
crops) is 352,000 tons (2010/2011). Currently, China and Pakistan are the main produc-
ers. In the last part of the chapter the importance of the crop is discussed. Kenaf is an
annual non-food fiber crop that used to be cultivated for numerous uses (paper pulp, fab-
rics, textiles, building materials, biocomposites, bedding material, oil absorbents, etc.).
Recently, it is also considered as an important medicinal crop as its seed oil is recorded
to cure certain health disorders and help in the control of blood pressure and cholesterol.

Keywords Kenaf ¢ Origin ¢ Genus ¢ Crop importance ¢ Cultivation area ¢ Crop
taxonomy ¢ Hibiscus cannabinus L. * Family Malvaceae ¢ Furcaria section ¢ Crop
description ¢ Stems ¢ Flowers ¢ Leaves ¢ Seeds ¢ Root ¢ Multipurpose
crop * BIOKENAF project * Annual crop ¢ Fiber crop ¢ Non-food crop ¢ Energy
uses ¢ Fibers ¢ Bark ¢ Core ¢ Spring crop
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1.1 Introduction

Kenaf is an annual spring crop cultivated for long (4000 BC) and its origin is from
Africa. It belongs to the Malvaceae family and section Furcaria. Kenaf is closely
related to cotton, okra, hollyhock, and roselle. It is a short day crop cultivated
from 300 S to 450 N. Research on agronomics and end uses of the crop has been
carried out worldwide during the last century. Many varieties are available world-
wide (with short, intermediate, and long date habits).

It is considered an important bast fiber crop and used to be cultivated for its
fibrous stem (contains long and short fibers in its stem fractions; bark and core,
respectively) with numerous industrial applications (paper and pulp, fabrics, tex-
tiles, biocomposites, insulation mats, absorption materials, animal bedding, etc.).
Recently, kenaf is being considered as an important medicinal crop. It was found
that its oil has high contents of polyunsaturated fatty acids (PUFA). Its seed can
cure many health disorders and diseases such as blood pressure, cholesterol bal-
ance, and some types of cancers. Thus, kenaf can be considered a dual non-food
crop cultivated for its fiber and/or its oil production. This chapter describes in
detail the crop origin and taxonomy, the plant parts, its cultivation area worldwide,
and explains why kenaf is an important non-food crop with many alternative or
complementary uses.

1.1.1 Origin of the Genus

Kenaf (Hibiscus cannabinus L.) has been cultivated for long, probably as early as
4000 BC (Roseberg 1996). It originated in Africa, where diversified forms of the
species are found growing widely as a component of the native vegetation of the
countries of East Africa (Wilson and Menzel 1964; Wilson 1978; Dempsey 1975;
Li 1990). The existence of semi-wild kenaf in Africa (Kenya and Tanzania) might
be an indication of the origin of the cultivated kenaf from this continent (Chen et al.
2004). So far, the research on the origin of kenaf has been based on field surveys and
investigations and no data on genetic studies have been collected to prove its origin.

At the beginning of the eighteenth century, kenaf was introduced into southern
Asia and was first cultivated and commercially utilized in India (Dempsey 1975).
The knowledge of how kenaf was introduced in India is limited but it is known
that it came from Africa (Roxburgh 1795; Royle 1855; Hooker 1875; Howard and
Howard 1911). The cultural interaction between ancient Egypt and the Indus may
have played an important role for kenaf’s dissemination from Africa to India, from
where kenaf cultivation was expanded to other Asian countries. In the beginning of
1900, kenaf was disseminated into mainland China from Taiwan (Dempsey 1975;
Charles 2002; Li 2002).

In 1902, Russia started to produce kenaf. Kenaf was cultivated commercially as
a fiber crop in Asia and the USSR in the 1930s. During the Second World War, as
foreign fiber supplies were interrupted, kenaf research and production was started
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in the U.S. to supply cordage material for the war effort (Wilson and Margaret
1967; Dempsey 1975). Accessions collected from Asia and central and North
America were found to have close genetic relationships (Chen et al. 2004). More
than 500 plant species were evaluated in the USA in the 1950s in order to cover
the increasing future fiber demands in the USA. Kenaf was evaluated as an excel-
lent cellulose fiber source for a large range of paper products (Nelson et al. 1962).

Currently, many countries pay more attention to kenaf research and cultiva-
tion because of its high biological efficiency and wide ecological adaptability.
Kenaf is more commonly called “the future crop” (Mazumder 2000; Cheng 2001).
Nowadays, kenaf is commercially cultivated in more than 20 countries, particu-
larly in China, India, Thailand, and Vietnam (FAO 2003) but the knowledge of dis-
semination of the crop worldwide is still limited. Although kenaf originated from
Africa, its production in Africa is very low. In 2010, the total production in Africa
was just 3 % of the world production (FAO 2010).

Kenaf is connected with a long list of over 120 common names (Sellers and
Reichert 1999) such as mesta, teal, ambari hemp, and rama that reflect the diver-
sification and common uses of this crop. In English, the common name of kenaf
in India is mesta, palungi, deccan hemp, and Bimli jute; in Taiwan it is ambari;
in Egypt and Northern Africa it is til, teel, or teal; in Indonesia it is Java jute; in
Brazil, it is papoula de Sao Francisco; in South Africa it is stokroos; and in West
Africa it is dah, gambo, and rama (Taylor 1995).

1.1.2 Taxonomy of Kenaf

Kenaf is a short day annual herbaceous plant that belongs to the Malvaceae, a
family notable for both its economic and horticultural importance. The genus of
Hibiscus is widespread, including some 400 species. Kenaf is closely related to cot-
ton, okra, and hollyhocks. Next to cotton, it is the most widely cultivated fiber plant
in the open country and can be found extending from Senegal to Nigeria. Kenaf,
along with roselle, is classified taxonomically in the Furcaria section of Hibiscus.

The Furcaria section has about 40-50 species (Su et al. 2004) that were
described throughout the tropics and they are closely related morphologically
(Dempsey 1975). Kenaf is closely related to cotton (Gossypium hirsutum L.),
okra (Hibiscus esculentum L.), and hollyhock (Althaea rosea L.). In some places,
roselle (Hibiscus sabdariffa L.) is also called kenaf.

The chromosome number in the section Furcaria is a multiple of 18 in all the spe-
cies, which have been counted. Natural species have been found with a chromosome
number of 36 (kenaf and other species), 72, 108, 144, and 180. The diversity in num-
bers of chromosomes found in section Furcaria is not common in the plant kingdom.
This chromosome diversity is reflected in the morphological and physiological diver-
sity in the crop. This diversity represents a rich source of material potentially useful
for kenaf breeding. A genome analysis had been carried out and it was found that
kenaf and roselle share a common set of chromosomes (one genome) (Wilson 2000).



4 E. Alexopoulou et al.

1.2 Description of the Crop

1.2.1 Stems

Kenaf stems are generally round with thorns ranging from tiny to large such as on
a blackberry bush depending on variety. The stem color varies from pure green to
deep burgundy. Kenaf plants tend to grow as a single unbranded stem when planted
at high production densities of 170,000-220,000 plants/ha with a height of 2.5-6 m.
Kenaf stems have a thin bark over a woody core, surrounded by a leaf tuft (Kaldor
1989) (Fig. 1.1a). The stems contain two major fiber types, one with long fibers situ-
ated in the cortical layer, and the other with short fibers located in the ligneous zone.

The central area of the stem, corresponding to pith, consists of sponge-like
tissues. The outer bark contains bast fibers of an average length of 2.5 mm and
woody core fibers of an average of 0.6 mm. Kenaf fibers have three principal
chemical constituents, which are the a-cellulose (58-63 %), hemicelluloses (21—
24 %), and lignin (12—14 %). The minor constituents in kenaf stems are 0.4-0.8 %
fats and waxes, 0.6-1.2 % inorganic matter, 0.8—1.5 % nitrogenous matter, and
traces of pigments. In total, these minor constituents account for about 2 % (Stout
1981). The ash contained is higher in the bark (5.5-8.3 %) than in the core (2.9—
4.2 %) while for the whole stem it is 2.1-6.5 %.

The core contains more lignin and less cellulose than the bark (Clark et al. 1971).
The bast fiber compromises 35-40 % of the dry weight of the plant mature stem; and
the core compromises the balance (Muchow 1983). The fiber content of the kenaf bark

Fig. 1.1 Kenaf parts (stem fractions, flowers, young seedlings, seeds and capsules, and root)
(source BIOKENAF project)
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content is about 50-55 %, increasing according to the plant population density, while
the less valuable short fibers make up about 45-60 % of the inner core (Clark and
Wolff 1969; Wood et al. 1983). Lower quality paper can be made from the short wood
fibers of the core, while high quality paper can be made from the long fibers of the
bark. Consequently, the core is more difficult to pulp than the bark, requiring more
alkali and giving lower pulp yields; the resultant pulps are relatively slow draining
with poor strength characteristics (Touzinsky et al. 1972; Bagby et al. 1975).

In a USDA study it was found that after maceration of green and field-dried
kenaf, the average fiber length was 2.5 mm and the average width was 17 pm.
The woody core fibers had an average length of 0.6 mm and an average width of
33 pwm (White et al. 1970). The fiber length of softwoods is around 3.5 mm and
of hardwoods, around 1 mm (Rydholm 1985). Hence, kenaf bast fibers are longer
than hardwood fibers, but shorter than softwood fibers while the core fibers are
shorter than hardwood fibers. Besides fibrous tissues, kenaf contains a non-fibrous
tissue in the center of the stem, called pith.

1.2.2 Leaves

The leaf shape varies and depends strongly on the variety. Kenaf varieties are
divided into two categories; the (Everglades 71) varieties with deeply lobed leaves
(usually called split or divided) and (Everglades 41) varieties with shallowly lobed
leaves (usually called entire). The divided leaf shape can create a problem because
it resembles marijuana (Fig. 1.1b). The entire leaf type has leaves that resemble
those of its relatives such as okra and cotton (Baldwin 1994b). The leaves in the
divided leaves varieties are deeply lobed with 3, 5, or 7 lobes per leaf.

The first few juvenile leaves of all kenaf seedlings have an entire shape
(Fig. 1.1c). When the young plants start to develop, additional leaves are produced
that start to differentiate. It can develop 3—10 entire juvenile leaves before the first
divided leaf appears (Charles 2002). On the underside of the mid-vein of each leaf
there is a nectar gland (Dempsey 1975). The seed capsule also has a nectar gland
and both leaves and capsules are visited in large numbers by wasps.

When the plants are at an immature stage of growth (about 6 feet tall), the
leaves contain 18-30 % crude protein on dry matter basis and for this reason it can
be used as animal feed. The stems defoliate after the first killing frost and this drop
returns significant qualities of nitrogen in the soil as well as calcium, magnesium,
phosphate, and potassium. At the time of defoliation, the nitrogen content could be
up by 4 % of the dry weight (Hollowell 1997).

1.2.3 Flowers

The flowers of section Furcaria are characterized by having a calyx with promi-
nent central rib and two prominent marginal ribs. These rigid structures apparently
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are used for supporting the fragile and delicate petals. Also, the flowers of all spe-
cies have more or fewer narrow bracts, which are borne below the calyx. The tip
of these bracts may be unforked as in kenaf or forked, according to the sectional
name Furcaria. Kenaf flowers are typical of hibiscus genus, showing the character-
istic fused statement column.

The flowers are large (7.5-10 cm), bell-shaped, and wide open with five pet-
als. The flower color ranges from light cream to dark purple, with a number of
shades between them, but apparently never in bright yellow, pink, or red tones.
Many cultivars have flowers with a deep red or maroon center. They are borne on
short stalks on the leaf axils on the upper portion of the stem and the main apical
meristem retains its capacity for vegetative growth (Fig. 1.1b).

While the flowering per plant can last 3—4 weeks or more, each individual
flower blooms for only one day. The flowers open early in the morning, begin to
close about midday, and close in the mid-afternoon and never open again. The
anthers release the pollen (which is bright orange or bronze color) about the time
when the flower opens, and the style emerges shortly thereafter. The five-part
stigma expands; the lobes become turgid, but do not touch the anthers. The corolla
closes spirally so that the anthers are pressed in contact with the stigma and
self-pollination can be done unless cross-pollination has already been recorded
(Howard and Howard 1911).

Like its relative species such as cotton and okra, kenaf’s flowers and nectar-
ies attract a number of insects, which pollinate (and cross-pollinate) the flowers
(McGregor 1976). Pate and Joyner (1958) stated that kenaf has been classified on
several occasions as a self-pollinating crop, but more recently, it has been classi-
fied as a cross-pollinate crop. Because of the moderate level of cross-pollination,
the seed obtained is frequently not true to type (Baldwin 1994a, 1996). The cross-
pollination crop in kenaf can be varied from 2 to 24 %.

1.2.4 Seeds

After pollination, seed capsules are formed that are 1.9-2.5 cm long and 1.3—
1.9 cm wide. The seed develops in five-lobular capsules. Each capsule contains
five segments with a total of 20-26 seeds/capsules (Dempsey 1975). The seed cap-
sules are covered with small hairy structures that are irritating to the human skin.
The capsules of the cultivated varieties are generally indehiscent and remain intact
for several weeks after reaching maturity. From pollination, the seeds require
60-90 days in frost-free conditions to mature. According to Baldwin (1994), kenaf
seeds take roughly 45 days to ripen. The seed is small (1.5-3.3 gr/100 seeds),
black in color, and subreniform in shape (Fig. 1.1d). The seed retains viability for
about 8 months under ordinary storage conditions. Kenaf seeds are grayish brown,
approximately 6 mm long and 4 mm wide (35,000—40,000 seeds per kg).

The seeds contain 20 % and the oil has a similar fatty acid composition to cot-
tonseed oil but does not contain gossypol, a polyphenolic compound in cottonseed
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which causes the oil to darken (Wood 1975). Kenaf oil is characterized by a high
phospholipids content compared to most edible oils (Mohamed et al. 1995). The
high oil content of kenaf seeds loses its viability when exposed to high tempera-
ture and increased humidity.

According to the chemical composition of kenaf seeds is 9.6 % moisture con-
tent, ash 6.4 %, fatty oils 20.4 %, nitrogenous matter 21.4 %, saccharifriable mat-
ter 16.7 %, crude fiber 12.9 %, and other matter 13.9 %. In the same study it is
reported that the fatty oils correspond to five acids which are: palmitic oil 19.1 %,
oleic acid 28 %, linoleic acid 44.9 %, stearic acid 6 %, and alpha-linolenic acid
0.5 %.

Previous studies reported that Kenaf seed contains 16-22 % oil and 30-33 %
proteins and the Palmitic, oleic, and linoleic acids were reported as major fatty
acids in kenaf oil (Hopkins and Chisholm 1959; Subbaram et al. 1964; Tolibave et
al. 1986; Singh 1988). The minor fatty acid contents of kenaf seeds were the pal-
mitoleic (1.6 %), linoleic (0.7 %), and the stearic (3.5 %) (Mohamed et al. 1995).

1.2.5 Root

The plant has a long effective tap root system and relatively deep, wide-ranging
lateral root system making the plant drought tolerant. Further to that, kenaf with
its tap root system is considered to be an excellent user of residual nutrients from
previous crops (Fig. 1.1e).

Kenaf root has deep root exploration that reaches to more than 1 m depth
(Fig. 1.2). Kenaf roots are sensitive to plow-pan and maybe to other structural
accidents or compactions.

Rootexploration
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Fig. 1.2 Kenaf root profile in a soil profile of 100 cm (Source INRA, BIOKENAF project)
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1.3 Area of Cultivation

In 1985, the global kenaf production reached an all-time high of 2.8 million tons.
After this time, kenaf production has shown to follow a declining trend. In 1995,
the production of kenaf and allied fiber crops was 753,000 tons and continued to
decline. Currently (2010/2011), kenaf is an important cash crop in many develop-
ing countries like, China, India, and Thailand. Nowadays, it is not easy to find any
huge cultivation area of kenaf in the main producing countries of China and India
and the crop is only planted on marginal lands with poor or no management. Japan
consumes nearly all of the Asian kenaf production. The Japanese industry has set
a short-term goal of 1 %, which would require about 300,000 tons of raw kenaf. In
the longer term, the Japanese industry has set a goal of 10 % (Wood 1998).

An area of cultivation of 1,000 ha is reported in the USA (Kulger 1996). In
1999, an area of 2500 ha was planted in Texas, Mississippi, and Missouri for a
number of fiber applications. In 2000, almost 10,000 ha of kenaf were cultivated in
various parts of the United States. The four main areas of commercial kenaf activ-
ity in the USA are Georgia, Texas, Mississippi, and New Mexico. In Australia,
there is no commercial production of kenaf and all the present fiber production is
for experimental purposes.

In Europe, a cultivation area of 700 ha is reported in Bologna (Italy). The har-
vested material is being used from the company KEFI ITALIA, located close to
Bologna, to produce insulation mats from the bark material (www.kenaf-fiber.com).

The production (in thousand tons) of kenaf and other allied crops (1995-2011)
is presented in Fig. 1.3.

In 2010/2011, the total production of kenaf and allied crops recorded in the Far
East was 82.5 %, in Latin America and the Caribbean countries it was 9 %, in Africa
it was 4 %, in developed countries it was 2 %, and in the Near East it was 1 %. The
production recorded in 2010/2011 was only 36 % of that recorded in 1994/1995.
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Fig. 1.3 World production (thousand tons) for kenaf and other allied fiber crops (1994-2011)
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Fig. 1.4 Kenaf and other allied crops production (thousand tons) in the main cultivation
countries

In Fig. 1.3 is presented the production of kenaf and allied crops in the countries
of the Far East. Almost 60 % of the kenaf production in the Far East countries
(2010/2011) is in Pakistan (140 thousand tons), with China contributing 32 % of
the total production, Pakistan 5 %, and Indonesia 1 %. The average overall pro-
duction in 2010/2011 in countries of the Far East corresponds to 36 % of the pro-
duction in 1994/1995. In Thailand, the kenaf production became much less in
2010/2011 corresponding to 1.4 % of the total production in 1994/1995 (Fig. 1.4).

1.4 Importance of the Crop

Kenaf is a traditional third world crop that is poised to be introduced as a new
annually renewable source of industrial fiber in the so-called developed econo-
mies. The traditional uses of the crop were the fiber production from its stem
(Dempsey 1975) as well as the food use. Kenaf in Africa had several non-fiber
uses. People ate the scions and leaves either raw or cooked. The crude protein in
the dry leaves is quite high (30 %) and in some countries was consumed as a veg-
etable. Due to its high crude protein it can be used as animal feed (Zhang 2003).
Kenaf seeds are used for oil production and the various plant parts are used in
medicines and in certain superstitious rites.

Kenaf, like all other important fiber crops (jute, roselle, hemp, flax, ramie, etc.), can
be pulped to make a range of paper and pulps comparable in quality to those produced
from wood. With forests dwindling and virgin wood becoming more expensive and
the increasing demand for paper products, it can be understood why non-wood fiber
crops such as kenaf are so important (Wood and de Jong 1997, Fried 1999). Kenaf in a
period of 6 months can reach a plant height of 34 m and its production is two to three
times higher (per ha and per year) than the southern pine forests (Fried 1999).
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Although the importance of the crop is mainly with regard to paper pulp pro-
duction, kenaf is being characterized as a multipurpose crop because it has a num-
ber of additional industrial applications. Thus, kenaf fibers (either derived from the
bark or the core of the plant stem) can be an excellent source for several other uses
such as for fabrics, building materials (particleboards, low-density panels, wall
paper backing, furniture underlays etc.), bedding material, poultry and/or cat lit-
ter, oil absorbent, etc. (Kugler 1988; USDA 1988; Perry et al. 1993; Kulger 1996;
Borazjani and Diehl 1994; Ramaswamy and Easter 1997; Kaldor et al. 1990).
Additionally, the whole plant has high protein and good digestibility and may be
pelletized.

Research work on kenaf is being carried out worldwide (USA, Australia, South
America, Thailand, India, and Japan). Early research was started in the United States
of America in the 1940s in order to use kenaf as a substitute for jute due to the sup-
ply distribution from the Far East during World War II (Roseburg 1996). In 1960,
kenaf was selected by the United States Department of Agriculture from among
500 crop species (which included hemp) as the most promising non-wood fiber
alternative for pulp and paper production. Since then, in the framework of national
programs, a large amount of research work has been carried out resulting in a com-
plementary mechanized approach, which has reduced labor requirements and envi-
ronmental impacts. Nowadays, in USA more resources are asked for putting into
work focusing on market development instead of the standard production research.

In Australia, the research on kenaf was initiated in 1972. The research was spe-
cifically directed toward growing the crop for production of paper and the field
program was supported by studies on the paper making properties of the stem
material. The research undertaken clearly confirmed the potential of kenaf as a
feedstock for paper production and established the cultural practices necessary to
cultivate the crop. The crop has not yet commercialized in Australia due to the fact
that Australian pulp mills are mainly based on wood (Wood 1998).

Kenaf has been accepted by the European Community as a “non-food” crop
with high production of biomass, composed primarily of cellulose-rich stalk
(Venturi 1990; Webber 1993). It was designated for utilization in the production
of industrial fiber. The research at the European level on kenaf started in the early
1990s and developments on the crop have been concentrated in the Mediterranean
region with sub-tropical climates and have been focused mainly on the primary
production in the framework of a European demonstration project aimed at
testing kenaf as raw material for paper pulp production. In view of this project
(EUROKENAF), demonstrative fields were carried out in all the Mediterranean
countries to produce the raw material for its several uses.

The BIOKENAF project (www.cres.gr/biokenaf) offered an integrated
approach for kenaf covering the whole production chain (production, harvesting,
and storage) testing the suitability of the crop for industrial products (high added
value) and energy. This integrated approach was carried out taking into considera-
tion the environmental and economic aspects of the crop and through a market fea-
sibility study was led to the production of industrial bioproducts and biofuels with
respect to security of supply and sustainable land management.
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In the BIOKENAF project (2003-2007), kenaf was considered an annual fiber
crop of great interest for both the production of industrial raw materials and as
bio-fuel under the pedoclimatic conditions of south Europe. The main reasons
for considering kenaf as a high productivity multipurpose non-food of increasing
importance for Europe are discussed below.

It is a multipurpose crop and can provide raw material for industrial and energy
applications. The 3040 % of the stem (bark) can be used for several high value
fiber applications, while 60-70 % of the stem (core) among several industrial
applications can be used for thermochemical process (combustion pyrolysis and
gasification).

It has high biomass potential with relatively low inputs. Dry matter yields of
up to 26 have been reported. Under semi-arid conditions, such as prevailing in
Mediterranean areas, it requires 250-400 mm of water, which is much lower than
in conventional land-use types (including maize, sugar beet, alfalfa, etc.) largely
resembling cotton in its water requirements. On the other hand, considering the
low N requirements (50-100 kg N/ha), this crop is believed to comprise an impor-
tant alternative land use in lands with poor and moderate water availability.

It offers alternative land uses and can be used in crop rotation. Kenaf can be
cultivated in rotation system. This is important in areas devoted to monocultures
(cotton, cereals) and although are supplementary irrigated performing very low
yields, which are unsustainable without the EU policies.

As an annual crop, it is similar to other conventional field crops with respect to
cultivation and harvest. The production and management systems are being devel-
oped for agricultural annual non-food crops such as kenaf, thus bringing costs of
delivery down to commercially accepted levels.

Recently, kenaf is considered as a valuable dual purpose crop (fiber and medici-
nal plant) native to India and Africa (Mohamed et al. 1995). Kenaf is composed
of various bioactive components including tannins, saponins, polyphenolics, alka-
loids, fatty acids, phospholipids, tocopherol, and phytosterols (Mohamed et al.
1995). This plant has been reported to be anodyne, aperitif, aphrodisiac, fatten-
ing, purgative, stomachic, and has long been used in traditional medicine to treat
bilious conditions, bruises, and fever (Coetzee et al. 2008; Kobasy et al. 2001;
Mohamed et al. 1995; Nyam et al. 2009).

A fairly new application is to use it as a food additive. Dry, powdered kenaf
leaves when added to different kinds of foods showed improved contents of calcium
and fiber, while the taste remained the same. It has been reported as an ideal food
additive and its leaves can also be used as tea. Currently, it was also characterized as
a dual crop; crop that can be cultivated for its fibers and/or for its seeds (oil produc-
tion). From the seed oil and other parts of the crop, medicines can be produced.

The interest in natural fibers is also increasing lately due to new environmen-
tal legislation and concerns, resulting in a growing market for biodegradable and
recyclable materials. The total worldwide demand for fiber (cellulosic, cotton,
wool, man-made, others) is predicted to increase from approximately 50 million
tons/year (1999 figure) to 130 million tons/year by 2050 (in line with the predicted
growth of the world’s population). Europe has already an established bioeconomy,
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with plants being the basis of European industries with an annual turnover of more
than € 1 trillion (Plants for the Future Platform, 2005). But in order to rise to the
challenges of a growing population, dwindling resources, and the environment, the
new economy has to be knowledge based.

1.5 Conclusions

Kenaf is an annual spring crop originating from West Africa (4000 BC). In the
eighteenth century it disseminated to Asia and from there went to North and
Central America. It is known by more than 120 common names, worldwide. When
it is cultivated in high populations it has an erect and unbranched stem. Its stem
has two fractions; the bark with long fibers and the core with short fibers. In the
middle of the core, the pith can be found that has great absorbing capacity. It is a
self-pollinating crop and the cross-pollination varies from 2 to 24 %. Its seeds con-
tain up to 22 % oil and have high content of polyunsaturated fatty acids. It has an
effective tap root that makes it drought tolerant.

Currently, it is cultivated in more than 20 countries. Kenaf production was max-
imized in 1985 and thereafter started to decline. In 2010/2011, the total production
of kenaf and other allied plants was 284,000 tons. It is mainly cultivated in Far
East Countries; 60 % of the total kenaf production is derived from Pakistan, fol-
lowed by China (26 %). In the area of its origin (Africa), kenaf production was
only 4 % in 2010/2011.

Kenaf can be grown for numerous end uses. The traditional uses of the crop
were to produce fiber and food. The fibers can be used to make cordage, rope,
burlap cloth, and fish nets because of its rot and mildew resistance (Cook 1960).
A range of new applications have been added to the traditional ones, for exam-
ple: medicines, food additives, oil absorbents, medium for mushroom cultivation,
natural fiber/plastic compounds, building materials, biocomposites, as well as for
animal bedding and poultry litter.
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Chapter 2
Crop Physiology in Relation to Agronomic
Management Practices

Danilo Scordia, Giorgio Testa and Salvatore L. Cosentino

Abstract This chapter describes the physiology of kenaf from seed germination
and root development till the effects of water and nutrients stress on grown plants.
Review on kenaf agro-physiology of experiments carried out worldwide are pre-
sented and discussed mainly at the canopy and whole-plant level with the aim to help
producers to make decisions and planning of production. However, few literature
reports experimental results on the physiology of this multipurpose crop especially
in terms of assimilation rate and its relation with environmental and agronomic fac-
tors. Knowledge on gas exchange rate and stomatal conductance may be a key sup-
port in understanding the physiology of Kenaf in terms of water requirements, its
ability of light conversion into carbonaceous molecules influencing crop production
potential and, indirectly, the carbon sequestration activity. In kenaf seedling develop-
ment takes place when temperatures are higher than 10 °C, supporting the idea that
kenaf is a macrothermal plant and optimal sowing has to be carried out during spring-
summer, depending on the area of cultivation. Kenaf is very sensitive to reduced soil
water availability, however, under moderate water stress conditions the crop maintains
root development while reducing final biomass yield. Recent studies from Greece and
Italy showed that even though kenaf uses CO,, solar radiation, water, and nitrogen
less efficiently than Cy4 crops its assimilation rates can reach 50-58 kg of CO, ha™!
h~!. However, great differences in terms of net photosynthesis have been reported by
various authors, which may be related to the different environmental variables and
agronomic managements during field and controlled experimental environments, such
as air temperature, light intensity, water supply, nutrients availability, relative humid-
ity, wind, cultivar, plant density, and soil type. Similar results were reported in the
literature regarding stomatal conductance and transpiration rates. In experiments
carried out during the night, stomatal conductance and transpiration rate determined
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water looses probably affecting the water requirement of the crop. Kenaf could be
described as opportunistic in relation to water availability, with a high rate of stomatal
conductance and transpiration when soil water is available but with markedly reduced
leaf conductance and transpiration rate when water is limited. Extinction coefficient
for light (K7) and nitrogen (Ky), under water limited conditions, were found to be
always smaller than under irrigated conditions, as a result of irregular adjustment of
leaf orientation to incident radiation particularly during midday. Vertical Specific Leaf
Nitrogen (SLN) distributions were found in canopies when leaf area index (LAI) was
>1.5. It was observed a strong association between SLN and PAR distributions in irri-
gated kenaf canopies. Due to its tropical origin, kenaf behaves as a short-day plant
remaining vegetative until daylength falls below 12.9 or 12.45 h. Flowering of late-
maturity cultivars is under photoperiodic control; conversely, photoperiod does not
influence the flowering of early maturity cultivars. Radiation use efficiency (RUE) in
kenaf is positively associated with specific leaf nitrogen. RUE decreased under water
deficit and nitrogen supply. Water use efficiency (WUE) decreased as the level of irri-
gation increased. It was higher than other C3 crops, but lower as compared to C4 crops
tested in the same environments. Information on nutrient use efficiency (NUE) for
kenaf is scarce and not well quantified to date. Higher NUE values were reported for
micronutrients than for macronutrients. This last characteristic needs further investi-
gation, since improvement of NUE is an essential and challenging prerequisite for the
expansion of bioenergy crop productions into less fertile soils and marginal lands.

Keywords Kenaf * Hibiscus cannabinus L * Fiber crop ¢ Non-food crop ¢ P
hysiology ¢ Macrothermal plant ¢ Photosensitive plant ¢ C3 plant ¢ Seed ger-
mination * Root development * Gas exchange rate ¢ Photosynthesis ¢ pmol
CO, m~2 57! « CO, gas * Photosynthetic active radiation « PAR e Light inten-
sities * Transpiration » mmol H,O m™2 s~! ¢ Stomata ¢ Stomatal conduct-
ance ¢ Canopy ° Leaf areaindex ¢ LAI e Specific leaf area « SLA ¢ Coefficients
for light « Ky, * Coefficients for nitrogen * Ky ¢ Vertical specific leaf nitro-
gen ¢ SLN e Daylength ¢ Radiation use efficiency * RUE ¢ Water use effi-
ciency « WUE « Nutrient use efficiency * NUE * PN labeled

2.1 Introduction

Kenaf (Hibiscus cannabinus L.), is a “non-food” annual, herbaceous plant of the
Malvaceae family, which has recently received great attention thanks to its high above-
ground biomass yield and its chemical composition of the raw material (Alexopoulou
et al. 2000; Amaducci et al. 2000). The high cellulose and hemicellulose and low
lignin content makes kenaf an interesting crop for fiber, pulp, thermal insulation board,
thermoplastic composite, energy, and biofuels (Amaducci et al. 2000; Alexopoulou
et al. 2004; Baldwin and Graham, 2006; Ardente et al. 2008; Lips et al. 2009).

The species originated from tropical and sub-tropical regions. Many authors
agree that kenaf originated in Africa, where several forms of the species are found



2 Crop Physiology in Relation to Agronomic Management Practices 19

as widespread (Siepe et al. 1997) and its domestication occurred around 4000 BC
in the Sudan region (Dampsey 1975).

Basically, kenaf is a warm season photosensitive, C3 photosynthetic pathway
species with a high adaptability to a wide geographical range and soil types but
very sensitive to frost and damaged by heavy rains and strong wind (BIOKENAF
Booklet 2007). According to its sensitivity to daylength, kenaf is classified as a
short-day plant, even though cultivars, either early or late-maturing, differ mark-
edly in their response to daylength (Angelini et al. 1998). Patan¢ and Sortino
(2010) reported that there is a strong daylength control on floral initiation of kenaf.
In their study using cv. Tainung 2 under South Mediterranean climate they found
that irrespective of sowing dates flowering took place in a very restricted period
(from late September to early October).

The high assimilation capacity of this C3 plant has also suggested to study
the environmental performance of kenaf in terms of carbon storage potential and
capacity to act as carbon dioxide sink (Pervaiz and Sain 2003).

However, few literature reports experimental results on the physiology of this
multipurpose crop especially in terms of assimilation rate and its relation with
environmental and agronomic factors. Knowledge on gas exchange rate and sto-
matal conductance may be a key support in understanding the physiology of Kenaf
in terms of water requirements, its ability of light conversion in carbonaceous mol-
ecules influencing crop production potential and, indirectly, the carbon sequestra-
tion activity.

This chapter describes the physiology of kenaf from seed germination and root
development till the effects of water and nutrients stress on grown plants. Review
on kenaf agro-physiology of experiments carried out worldwide are presented and
discussed mainly at the canopy and whole-plant level with the aim to help produc-
ers to make decisions and planning of production.

2.2 Seed Germination and Root Development

2.2.1 Seed Germination

After reaching maturity, the small, black, subreniform seeds of kenaf (approxi-
mately 1.5-3.3 g/100 seeds), retain viability for about 8 months under ordinary
storage conditions (Baldwin 1994). Seeds stored at 8 % moisture content remain
viable for up to 5.5 years when stored at O °C, while seeds stored above 10 °C
and 12 % moisture show significant decrease in seed viability (Toole et al. 1960).
Meints and Smith (2003), confirmed that germination under ideal conditions
remained high in seeds stored up to 4 years at 10 °C and did not show appreciable
differences in field emergence or performance through the growing season. Based
on their results, kenaf seeds will continue to perform well in field production when
stored up to 5 years at 10 °C.
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Germination and seedling development in kenaf are, however, critical phases
and the duration of these phases is a function of only temperature (Angelini et al.
1998), if water is not a limiting factor (Mosley and Baldwin 1999).

Seedling establishment comprises the germination and emergence phase, and
the root development phase. In kenaf seedling development from sowing to emer-
gence can be described in terms of three phases: (i) sowing to germination (ii) a
lag phase in hypocotyl elongation and (iii) linear hypocotyl elongation. Seedlings
emerge when the length of the hypocotyl equals sowing depth (Carberry and
Abrecht 1990), with a simultaneous initial development of roots which enables
seedlings to acquire the necessary water and nutrients for growth.

Angus et al. (1981) have calculated that the thermal time for approximately
50 % emergence of kenaf seedlings from a depth of about 30 mm was 44.1 °Cd
above a base temperature of 9.2 °C. However, this requirement usually changes
for different sowing depths, cultivar, and climatic conditions of a specific region or
area of cultivation (Abrecht 1989).

Carberry and Abrecht (1990) conducted a study to examine seed germination
and the elongation of the hypocotyl and radicle of kenaf cv. Guatemala-4 under
eight constant temperature conditions (from 15 to 45 °C). Final germination per-
centage was unaffected by temperatures in the range of 15-35 °C, but declined
sharply at the higher temperatures. The minimum, optimum, and maximum
temperatures for rate of seed germination, were found to be 9.7, 35, and 45 °C,
respectively.

Values of optimum and maximum temperatures for the lag and linear phases
of hypocotyl elongation were about 31 and 43 °C, respectively; similar values of
optimum and maximum temperatures for elongation of the radicle were found. A
simulation model of seed germination was developed by the same authors, who
showed that under a standard base temperature of 10 °C, the thermal-time require-
ments for seed germination and the lag and linear phases of hypocotyl elonga-
tion of kenaf were 8.2, 17.0, and 0.45 °Cd mm™!, respectively. Base, optimum,
and maximum temperature values for hypocotyl elongation of 10, 31, and 43 °C,
respectively, were proposed as estimates for post-emergent development of kenaf.

Following Carberry and Abrecht (1990) findings, a study on kenaf germination
was carried out in central Italy with the aim to assess cultivars suitable to early sow-
ings and resistant to cold in the early stages of growth (Angelini et al. 1998). Fifteen
kenaf lines and cultivars selected for tolerance to low temperatures were compared
to cv. Tainung 2, this latter known to have great sensitivity to low temperatures.
Mean germination percentage and mean germination time were lower in all lines at
8 °C compared to 10 °C (74.6 vs. 84.1 % and 13.9 vs. 8.8 days, respectively). In cv.
Tainung 2, both parameters resulted to be considerably lower compared to the mean
of all lines. At alternating temperatures of 20/30 °C differences between most lines
and cv. Tainung 2 were not found (Angelini et al. 1998). According to Angus et al.
(1981) and Carberry and Abrecht (1990), Angelini et al. (1998) stated that seedling
development takes place when temperatures are higher than 10 °C, supporting the
idea that kenaf is a macrothermal plant, and optimal sowing has to be carried out
during spring-summer, depending on the area of cultivation.
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2.2.2 Root Development

Roots play an important role in supplying water to plant tissue. The root develop-
ment is critical for the growth and productivity of crops (Seiler, 1998). Root devel-
opment and distribution on soils are important information for root-water studies
in soil-plant systems (Asseng et al. 1997). Estimates of the amount of roots per
unit volume of soil are required in studies for water uptake by plants.

Patane et al. (2009) using kenaf cv. Tainung 2 and four water conditions (100,
50, 25 % of Etm restoration during the whole crop cycle and irrigated only at sow-
ing, respectively I109, /50, I25 and Ip) under south Mediterranean climate, have
shown that kenaf under different moderate water stress conditions maintains root
development while reducing final biomass yield. In their study root length density,
according to the method of Newman (1966), was calculated following the formula:

Root length density (L) = w NA ps /2HM

where L is the root length density (cm cm_3), 7w = 3.14, N is the total num-
ber of root distribution crossing the gridlines, A is the area of root distribution
(132.66 cm?), ps is the apparent soil gravimetric mass (g cm™), H is the total
length of the gridlines (80 cm), and M is the soil sample mass (g).

In their results, the amount of water distributed affected L in the most superfi-
cial layer of soil (0-20 cm), where the bulk of roots developed. In particular, under
good soil water availability (/¢p), root apparatus more developed as compared to
that of other experimental conditions. In the dry control (/p), L was about 50 %
shorter than what measured at the fully irrigated treatment, due to strong soil water
deficit in the most superficial soil layers. At the same soil depth (0-20 cm), inter-
mediate water regimes (/5 and /50, respectively) determined similar L (5.38 and
5.57 cm cm ™3, respectively), both different to those measured at the extreme water
regimes (/o and /1o, respectively).
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At deeper soil layers (20—40 cm), the differences among water treatments were
less evident, in particular those between extreme water regimes. These differ-
ences further decreased in the deepest soil layers (60-80 cm) where water treat-
ments did not vary in L; this last, however, at these soil depths was quite negligible
(0.61 cm cm™3, on the average of water treatment). A relationship between root
length density (L) and total amount of water distributed was developed (Fig. 2.1).
In kenaf, root growth seems to have a low sensitivity to water stress declining at
low rates when soil water availability decreases (b = 0.36).

2.3 Kenaf Physiology

After seedling emergence and root development, kenaf starts growing driven by
photosynthetic activity. All plants use the Photosynthetic Carbon Reduction (PCR
or Calvin-Benson) cycle for CO, fixation in which Ribulose-1,5-bisphosphate car-
boxylase/oxygenase (Rubisco) catalyzes the first step producing a three-carbon
compound, phosphoglycerate (3-PGA). The plants using this process are known as
C3 (Lara and Andreo 2011). A major problem with C3 species is that Rubisco cata-
lyzes two reactions, carboxylation and oxygenation; these two reactions, however,
compete each other (Portis and Perry 2007). Environmental variables, such as high
temperature and drought can result in an increase in oxygenation leading the flow
of carbon through the photorespiratory pathway, resulting in 25-30 % losses in
carbon fixation (Lara and Andreo 2011). To overcome the limitation of photores-
piration, some plants (only 3 % of the vascular plants), mainly native from tropics
and warm temperate zones adapted to high temperature and high light intensity,
have developed the so-called C4 pathway. In these plants, photorespiration is sup-
pressed by great elevation of the CO, concentration at the site of Rubisco, sup-
pressing the oxygenase activity and increasing growth rates, carbon, water, and
nitrogen uses (Lara and Andreo 2011). Knowledge on gas exchange rate and tran-
spiration can hold the better perceptive of kenaf physiology which finally affects
its growth and biomass productivity.

2.3.1 Photosynthesis of Kenaf

Although kenaf is a C3 species originated from tropical and sub-tropical regions,
the high assimilation capacity of this Csz plant has suggested to study the envi-
ronmental performance of kenaf in terms of carbon storage potential and capac-
ity to act as carbon dioxide sink (Pervaiz and Sain 2003). However, few literature
reports experimental results on the physiology of this multipurpose crop especially
in terms of assimilation rate and its relation with environmental and agronomic
factors. Recent studies from Greece and Italy showed that even though kenaf
uses CO», solar radiation, water, and nitrogen less efficiently than C4 crops its
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assimilation rates can reach 50-58 kg of CO, ha—! h~! (32-37 wmol CO, m~2
s~1) (Danalatos and Archontoulis 2005; Cosentino et al. 2004).

A study on carbon dioxide assimilation capacity in relation to soil water con-
ditions in internal hilly areas of Sicily, Italy, has been recently conducted by
Cosentino et al. (2004). Gas exchange at leaf level has been measured at noon on
five dates (August 6th, 12th, 21st and 28th, and September 6th) during vegetative
phase on the last fully expanded leaf of kenaf cv. Tainung 2 under four different
soil water contents (100, 50, 25 % of Etm restoration during the whole crop cycle
and irrigated only at sowing, respectively 13, 1>, I, and ).

In the best water conditions (/3) the crop maintained the highest net photosyn-
thesis level (28.4 umol CO, m™2 s~!, in the average of the five measurements),
compared to /> (21.3 umol CO, m~2 s~ 1), I; (17.8 pmol CO> m~2 s 1), and I
(15.5 wmol CO, m—2s71).

From the first measurement onward, a slight reduction in net assimilation activ-
ity was observed in all water treatments. The last field measurement occurred just
few hours after a rainfall, which determined a relevant increase in net photosynthe-
sis, irrespective of the water regime.

Kenaf is a C3 crop but the observed net assimilation rate resulted quite high;
this contribute to explain the high growth rate, which makes this crop very inter-
esting in terms of biomass production and carbon sequestration.

Archontoulis et al. (2005) conducted a similar study on similar environ-
ments (south Mediterranean), in which different light intensities (in the range
of 02,000 wmol PAR m~2 s~1) and temperatures (in the range of 10-40 °C) on
leaf photosynthesis of kenaf cv. Everglades 41 was carried out. It was concluded
that kenaf is characterized by a high photosynthetic capacity. Maximum rates of
about 50 kg CO, ha=! h~! were achieved at early crop development stages, when
the maintenance respiration was still at a low level. The optimum temperature for
maximum assimilation increased with an increase in light intensity; the optimum
temperature for kenaf was in the range of 25-29 °C.

More recently, a comparative photosynthesis of three variety of Kenaf, namely
Guantemala 4 (G4), V36, and kohn kaen 6 (KK60) was measured within four
regular intervals of 30 days under glasshouse with temperature of approximately
25 °C during the day and 20 °C during the night.

Although the varieties showed different gas exchange pattern in each stage of
their growth, results of the study showed that there was no significant difference
between these three varieties in terms of their net photosynthesis. It was reported
that net assimilation rate tended to increase gradually from 2.8 wmol CO, m~2
s~ ! at first month to a peak of 6.5 umol CO, m~—2 s~! on second month and then
decrease to 3.0 and 1.5 wmol CO> m~2 s~! at third and forth growth month,
respectively (Tahery et al. 2011).

Abdul-Hamid et al. (2009) conducted experiments throughout Malaysia on the
utilization of less fertile soils, such as “Beach Ridges Interspersed with Swales
Soil” (BRIS soil). Different level of fertilizer applications were supplied with the
objective of studying the effects on growth and physiology of Kenaf variety V36
planted on BRIS soil. All measurements were taken at 08.00-11.00 am to avoid
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the midday depression in photosynthesis. The analysis of variance revealed that
photosynthesis rate was significantly influenced by the level of fertilization in
the dry season; net photosynthesis was in the range of 11.34—17.07 pwmol CO,
m~2 s~! in the low and high fertilization, respectively. Contrasting results were,
instead, found in the wet season, probably due to the humidity in the air which
might affect stomatal conductance that reduced water through vapor to balance
physiological plants and at the same time photosynthesis rate was reduced.

Hossain et al. (2010) studied the net photosynthesis under different levels of
nitrogen (0, 50, 100, 200, and 400 mg 1_1), phosphorus, and potassium (0, 25, 50,
100, and 200 mg 171) of kenaf cv. V36. Photosynthesis was significantly increased
with the increase of nutrient concentration up to 200N, 100P, and 100K and after-
wards, decreased. Photosynthesis of 200N, 100P, and 100K were 14.45, 12.56,
and 12.83 wmol CO, m~2 s~!, respectively, when averaged across the measuring
times. The lowest photosynthesis was observed in O N, 0 P, and 0 K treatments
(2.5-4.0 wmol m~2s~1). Some reports suggest that N deficiency affects more
strongly the leaf development than photosynthesis (Watson 1952; Wong 1979;
Radin and Boyer 1982; Reddy et al. 1997). Field and Mooney (1986) and Gerik
et al. (1998) described the effects of low N, P, and K nutrition on plants caus-
ing slower leaf expansion and consequently lower photosynthetic rates. In this
respect, Muchow (2009) found that photosynthetic capacity of kenaf increased
with specific leaf nitrogen (SLN) from 0 to 24 g N m~2. It was also confirmed by
Archontoulis et al. (2012) who showed increasing the leaf nitrogen per unit area
increases the net assimilation rate as well.

The decline in net photosynthesis at low N, P, and K levels might be explained
by both greater stomatal resistance and the less biochemical efficiency of chloro-
plasts (Chapin, 1980; Reddy et al. 1996).

The great differences in the value of net photosynthesis reported by various
authors may be related to the different environmental variables and agronomic
managements during field and controlled experimental environments, such as air
temperature, light intensity, water supply, nutrients availability, relative humidity,
wind, cultivar, plant density, type of soil (Table 2.1).

Among others, the level of irradiance is an important ecological factor which
determines the assimilation rate. Under high or low light intensities, the dif-
fusion rate of CO, from the air to the stomata is the major factor limiting CO>
assimilation. For instance, the photosynthetically active radiation (PAR) during
the growing period was 500-700 wmol m~—2 s~! in the experiments of Hossain
et al. (2010), while it was in the range of 280 and 2,000 pmol m~2 s~ as typi-
cal of spring-summer period in the South Mediterranean environments, as reported
in both Archontoulis et al. (2005) and Cosentino et al. (2004). This difference in
PAR may explain the difference in CO, assimilation rate of kenaf studies, as have
been also reported by Riggi et al. (2004). They found linear regression curves
when plotted photosynthetic rate and PAR levels under artificial light conditions
and two soil water treatments (full irrigated and irrigated only at sowing, respec-
tively /199 and Ip) of kenaf cv. Tainung 2. Accordingly, Cosentino et al. (2004) and
Archontoulis et al. (2005) stated that the higher the PAR, the higher the net photo-
synthesis in kenaf.
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2.3.2 Transpiration and Stomatal Conductance of Kenaf

Plant transpiration is a part of the water cycle, and it is a process similar to evap-
oration. It consists of the loss of water vapor from parts of plants, especially in
leaves but also in stems, flowers, and roots (Benjamin 2007). Leaf transpiration
occurs through stomata, and can be thought of as a necessary “cost” associated
with the opening of the stomata to allow the diffusion of CO; gas from the air for
photosynthesis.

Most of the water taking part in the transpiration process is used for cool-
ing purposes, i.e., to maintain certain temperature equilibrium in the plant
(Archontoulis et al. 2005) and also in changing cell’s osmotic pressure, and ena-
bles mass flow of mineral nutrients and water from roots to shoots.

The rate of transpiration is directly related to the degree of stomatal open-
ing, and to the evaporative demand of the atmosphere surrounding the leaf. The
amount of water lost by a plant depends on its size, along with surrounding light
intensity (Debbie and Michael 2010) temperature, humidity, and wind speed (all
of which influence evaporative demand) (Jarvis and Davies 1998; Jones 1998).

In kenaf cv Guatemala 4 (G4), V36, and kohn kaen 6 (KK60), Tahery et al.
(2011), who measured at four regular intervals of 30 days under glasshouse with tem-
perature of approximately 25 °C during the day and 20 °C during the night, found
that except the first measurement in which all varieties showed identical transpiration
rate (1.3—-1.6 mmol H,O m—2 s_l), at other stages of growth, there were differences
in the transpiration rate. G4 had highest at 60 days (3.6 mmol H,O m~2 s~!) and
KK60 had the lowest rates of transpiration at day 120 (0.53 mmol H;O m~2 s 1.

In the mean of all measurements, G4 was assigned to have the highest transpi-
ration rate (2.09 mmol H,O m~2 s~!), while the lowest transpiration rate belonged
to both of V36 and KK60 (1.71 mmol HoO m~2 s~1).

Some authors carried out field experiments observing stomatal opening dur-
ing the night that, in turn, may affect water requirement and leaf transpiration
(Muchow et al. 1980). In this respect, Riggi et al. (2004) conducted night meas-
urement, in South Mediterranean environment, with the aim to study stomatal
conductance and leaf transpiration in relation to different soil water content treat-
ments (full irrigated and irrigated only at sowing, /1g9 and I respectively) in veg-
etative stage of kenaf cv. Tainung 2. Measurements have been carried out from
2:00 am up to 5.15 am imposing different Photosynthetic Photon Flux Density
(PPFD) levels (0, 1,000, 1,300, 1,500, and 2,000 pwmol m~ 27! of PAR). Within
each soil water content treatment, transpiration rate increased during the night
and the highest values have been registered on the last measurement interval (5.15
am), as shown in Fig. 2.2. In natural condition, at O pmol m~2 s~ ! PPFD level,
the first value registered for /y treatment at 2:00 am resulted very low (0.33 mmol
H,O m_zs_l) due to the stomatal closure observed. However, on the measurement
reported one hour later (3:00 am), the transpiration rate increased up to 1.82 mmol
H,0 m~%s~!. A slighter increment has been observed for irrigated treatment as
well, moving from 1.25 mmol H,O m~2s~! reported at 3:20 am to 1.99 mmol
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H,0O m~2s~! registered at 4:45am. Under all the artificial light levels studied,
unexpected high leaf transpiration rates was observed in the rainfed treatment, and
for the latest data collected within each treatment (irrigation treatment and PAR
levels) no statistical differences was reported.

Stomatal conductance increased during the night for all the adopted light inten-
sity levels and for both studied treatments (Fig. 2.3). First measurements have
been conducted on unirrigated treatment at 0 PPFD level at 2:00 am and substan-
tially no stomatal conductance has been observed (0.02 mol m~—2s~1). However,
data registered at 3:00 am with no artificial light, shown an increase of stomatal
opening and stomatal conductance equal to 0.24 mol m~2s~.

For the irrigated treatment, in relation to the wider observation interval (rang-
ing from 3:20 to 5:15 am) a relevant increase in stomatal conductance and so
in stomatal opening has been observed especially for the lower PPFD levels.
Respectively at 0, 1,000, and 1,300 pmol m~2s~! of PAR, increments equal to
300, 800, and 600 % have been registered, while less evident increase in stomatal
conductance have been observed for the highest PAR levels (respectively 140 and
160 % for 1,500 and 2,000 wmol m~2s~! of PAR).

In order to study separately the influence of light intensity and night time on
stomatal behavior, stomatal conductance measured in the full irrigated (Z199) was
split in three different 30 minutes intervals respectively ranging from 3:20 to 3:50
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am, from 4:00 to 4:30 am, and from 4:45 to 5:15 am and plotted against light
intensity (Fig. 2.4). In this way, it was possible to emphasize evident positive rela-
tion between PPFD and stomatal conductance only in the earlier interval, while
after 4:00 am no response was observed to light intensity; at 4:00—4:30 am interval
stomatal conductance at all light intensity ranged between 0.3 and 0.4 mol m—2
s~! while in the last interval it ranged between 0.48 and 0.59 mol m~—2 s~!.
Accordingly with Muchow et al. (1980) results, the reported data suggest night
stomatal opening incrementing during the nyctoperiod. It was concluded that the
observed nocturnal stomatal conductance and transpiration rate determine water
losses also during the night probably affecting the water requirement of the crop.
The observed relation between night time and stomatal opening for both soil water
content treatments, not influenced by artificial light intensity, seems to suggest an
endogenous control of stomatal behavior. However, more data are needed aiming
at verifying the real nature of the observed phenomena.

Archontoulis et al. (2005) carried out a study in which different light intensi-
ties (in the range of 0-2,000 wmol PAR m~2 s~ 1) and temperatures (in the range
of 10-40 °C) on leaf transpiration of kenaf cv. Everglades 41 was attempted. An
exponential relationship, independent of radiation, between leaf temperature and
transpiration rate was found: ¥ = 0.1246¢%-1457*temp,

It was concluded that transpiration rates increased exponentially with increas-
ing leaf temperature at all light levels. At temperatures above 35 °C, a single leaf
may transpire the equivalent of 30 mm per day at full canopy.
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The effects of water stress (three watering regimes representing well-watered con-
trol, moderate stress, and severe stress) of Kenaf cv. Cuba 108, grown on a loose-tex-
tured sandy soil in the greenhouse, have also been studied (Ogbonnaya et al. 1998). It
was found that all the levels of stress brought stomatal conductance and transpiration to
zero. Transpiration rate started declining steeply below -0.5 MPa leaf water potential,
and eventually ceased below -1.0 MPa. Moreover, stomatal conductance and transpira-
tion rate progressively declined with age in the adequately watered control. Kenaf could
therefore be described as opportunistic in relation to water availability, with a high rate
of stomatal conductance and transpiration when soil water is available but with mark-
edly reduced leaf conductance and transpiration rate when water is limited. This con-
trasts with wheat, which utilizes water sparingly when it is available but has only a
gradual decrease in photosynthesis as water deficits develop (Henson et al. 1989).

Kenaf was also observed to roll its leaves during drought. These two mecha-
nisms could be described as drought tolerance by dehydration postponement
(Kramer 1983), equivalent to drought avoidance by Levitt (1980).

2.3.3 Vertical Distributions of Light in Kenaf Canopy

Organization and spatial distribution of leaves within the canopy directly affect
the amount of light absorbed by this integrated system. Photosynthetic capacity
at canopy level depends not only on factors affecting leaf level photosynthesis but
also on factors influencing properties of canopy microclimate, particularly its light
distribution profile (Matloobi 2012).

Plants, living in a changing light environment have the capacity to adjust their
morphology and physiology to a particular set of light conditions by acclimatation
or phenotypic plasticity (Oguchi et al. 2005). For instance, plants are able to adjust
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leaf area per unit biomass invested in leaves (i.e., specific leaf area) by altering
leaf thickness (leaf weight to leaf area) or by adjusting leaf weight to plant weight
(Niinemets 1999).

Leaf area development is an important determinant of the proportion of the
incident radiation intercepted and consequently of stem yields. Carberry and
Muchow (1992), who conducted a study on leaf area development of kenaf cv.
Guatemala 4 grown under irrigation at a range of plant population densities at
three sites in tropical Australia, found that Kenaf produced nodes, and therefore
leaves, at a constant rate until the onset of flowering, after which vegetative devel-
opment generally ceased. The thermal time required for production of new nodes
remained constant from sowing to flowering at 36.3 °C days node™! at a popula-
tion of 50 plants m~—2. Leaf area per node was described quantitatively in terms of
three phases where, as node number increased, leaf area per node at first increased
linearly, reached a plateau, and finally declined linearly. The rate at which the leaf
area at old nodes was senesced was found to be equivalent to the rate of produc-
tion of new nodes.

The projected leaf area per unit leaf dry mass, specific leaf area (SLA) and the
leaf area over surface area, leaf area index (LAI), are of great importance in under-
standing the processes of plant growth and photosynthesis. SLA and LAI influence
the leaf area ratio and thus the relative growth rate of the crop. The higher SLA
and LAI, the higher the growth rate (more light intercepted, higher net assimila-
tion rate) and thus the higher the biomass production (Archontoulis et al. 2005).

Among factors influencing canopy architecture and vertical distribution of
light, water and nitrogen availability play a key role. Without water stress, the
Beer’s law has long been used by many authors to describe vertical distribution of
light and nitrogen in plant canopy by assuming an exponential decline over canopy
depth (Hirose and Werger 1987; Monsi and Saeki 2005, Archontoulis et al. 2011).
Vertical distributions of light and nitrogen in a crop canopy are generally quanti-
fied by the so-called extinction coefficients for light (Kz) and for nitrogen (Ky). In
most studies, extinction coefficient for nitrogen (Ky) has been shown to be closely
related to extinction coefficients for light (K7), indicating that nitrogen allocation
is driven to some extent, either directly or indirectly, by light distribution (Evans
1993; Anten et al. 1995; Milroy et al. 2001; Pons et al. 2001; Bertheloot et al.
2008; Archontoulis et al. 2011). Under water stress, the light and nitrogen distri-
butions over canopy depth are more complicated because water stress affects not
only appearance and elongation of leaves and uptake and partitioning of nitrogen,
but also morphological aspects of leaf positioning, leaf angle, and azimuth angle
(Archontoulis et al. 2011).

Recently, vertical distributions of light and nitrogen in canopies of kenaf grown
with and without water stress have been quantified by Archontoulis et al. (2011).
Under water limited conditions K7, values were found to be always smaller than
under irrigated conditions, as a result of irregular adjustment of leaf orientation
to incident radiation particularly during midday. Both K; and Ky did not change
significantly in all irrigated crops, except between years (0.62 and 0.71, respec-
tively at first and second year experiment). Earlier studies from Muchow (1992),
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Manzanares et al. (1993), and Losavio et al. (1999a) including different genotypes
and management practices of kenaf indicated constant K, values per experimental
season (K, of 0.56, 0.72, and 0.35, respectively).

Vertical Specific Leaf Nitrogen (SLN) distributions were found in canopies
when LAI was >1.5, while when LAI was <1.5, i.e., at early or late growth stages
or in water-stressed canopies, there were no obvious SLN gradients. SLN values at
the canopy bottom were around 1.0 g N m~2 when LAI was >3 and 2.2-3.8 ¢ N
m~2 at the top leaves in irrigated treatments. It has been previously reported that
maximum net assimilation rates were saturated at SLN >2.0 (Muchow 1990).
Archontoulis et al. (2011) also observed strong associations between SLN and
PAR distributions in irrigated kenaf canopies. Crops responded to irrigation by
increasing their LAI or maintaining high LAI values for a longer period rather
than changing the pattern of SLN distribution.

This strong effect of water regime on LAI was also confirmed by Patane et
al. 2009. In their study on kenaf cv. Tainung 2 and four water regimes (100, 50,
25 % of Etm restoration during the whole crop cycle and irrigated only at sowing,
respectively 100, I50, I25, and Ip) in south Mediterranean environment a maximum
value of LAI was attained when crops received the full irrigation volume (3.24).
Water stress in I»5 and Iy exerted a detrimental effect upon LAI which never
exceeded a value of 1.

Archontoulis et al. (2011) study has shown that SLN distributions in irrigated
kenaf canopies appeared to be largely associated with the light environment.

Such associations between light and nitrogen gradients have been found in
many crops (Sadras et al. 1993; Anten et al. 1995; Del Pozo and Dennett 1999;
Milroy et al. 2001; Lotscher et al. 2003), and are explained either from an adap-
tive response to irradiance gradient in order to maximize canopy photosynthesis
(Hirose and Werger, 1987) or as a consequence of the mediation by cytokinins in
the transpiration stream on the response to light (Pons et al. 2001).

2.3.4 Sensitivity of Kenaf to Daylength

Vegetative development of Kenaf generally declines rapidly following the onset
of flowering. Due to its tropical origin, kenaf behaves as a short-day plant remain-
ing vegetative until daylength falls below 12.9 h (Carberry et al. 1992) or 12.45 h
(Alexopoulou et al. 2000). Flowering of late-maturity cultivars is under photo-
periodic control; conversely, photoperiod does not influence the flowering of early
maturity cultivars (Alexopoulou et al. 2000), which, however, due to a shorter
period of vegetative growth are less productive in terms of final biomass yield
(Foti et al. 1998; Alexopoulou et al. 2000).

The high sensitivity of this species to daylength makes quite difficult to produce
seed in Europe, and limits its cultivation to this purpose to semi-arid environments of
Southern Europe, where light and temperature conditions are the most favorable for
seed maturation (Liu and Labuschagne 2009). In fact, in Northern Europe, late floral
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initiation makes difficult to produce mature seed prior to a killing frost, as have been
also reported for the United States, where seed production of late-maturity cultivars
is limited only to Southern Countries (Meints and Smith 2003).

Therefore, seed production is always feasible for the early varieties, while for
the late ones seed production depends on the prevailing climatic conditions during
autumn (Alexopoulou et al. 2000). This effect, therefore, affects the choice of the
most suitable cultivar and sowing time and, as a consequence, harvests time.

The relation between climatic factors and the “sowing—flowering” interval
in kenaf has been extensively studied by Carberry et al. (1992) and by Williams
(1994), who described a qualitative response of floral induction to photoperiod.

Patane and Sortino (2010) reported that there is a strong daylength control on flo-
ral initiation of kenaf. In their study using cv. Tainung 2 under South Mediterranean
climate they found that irrespective of sowing dates (late May to early July) flower-
ing took place in a very restricted period (from late September to early October).

The synchronous occurrence of flowering shortened the “emergence—flowering”
interval while postponing sowing time, from 109 days to 85-92 days. The length of the
following interval “flowering - pod ripening” was, instead, quite constant (Fig. 2.5).

In their experiment, thermal time from ‘“sowing—emergence” resulted 76.2
°Cd with a base temperature of 12 °C and a threshold temperature of 23 °C; ther-
mal time of “emergence—flowering” interval, with a base temperature of 10 °C
and a threshold temperature of 31 °C, ranged from 2090 °Cd (sowing of 24 May,
2001) to 1718 °Cd (sowing of 30 June 2000). It was observed that thermal time
decreased from the first to the last sowing date in both year experiments, and this
fact could be explained as a photoperiod effect (Fig. 2.6).
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—— plant emergence-flowering

Fig. 2.5 Length of main phonological stages of crop growing season in relation to sowing dates
(from Patane and Sortino 2010)
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Fig. 2.6 Relationship between thermal time calculated for the plant “emergence—flowering”
interval and photoperiod at flowering for each sowing time (from Patane and Sortino 2010)

The photoperiodic sensitivity (calculated regressing thermal time of the interval
‘emergence—flowering’ against photoperiod at flowering time) resulted equal to
497.21 °Cd h, and can be considered as thermal time to flowering controlled by
photoperiod, as reported by Williams (1994). An average value of base vegetative
phase (subtracting the photoperiodic sensitivity from thermal time to flowering) of
1563.0 °Cd was obtained.

At a thermal time value of 1563 °Cd corresponded a photoperiod of 13.83 h for
the first sowing date and 14.06 h for the second one. The authors stated that the
average of these two values (13.94 h) can be considered as critical photoperiod for
cv. Tainung 2. This value is quite close to those obtained by Williams (1994) for
other cultivars of kenaf.

The photoperiod inductive phase values (calculated for each sowing date) varied
between 497.2 and 182.2 °Cd h. It was concluded that a positive trend in seed yield
in response to lengthening of ‘emergence—flowering’ interval was found. With early
sowings the crop is able to assimilate a higher total dry matter before flowering, use-
ful for sustaining a higher stem, pod, and seed production (Patan¢ and Sortino 2010).

2.4 Resource Use Efficiency

2.4.1 Radiation Use Efficiency

Radiation use efficiency (RUE) is a crop-specific parameter and can be defined as
the relationship between biomass production per unit light intercepted or adsorbed
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by the crop. It is widely used to measure the growth efficiency of plant produc-
tivity across different crops and management practices. The value of the RUE is
expressed in grams of aerial dry matter or total dry matter per megajoule of radia-
tion (g MJ™1); it varies depending on whether radiation is measured as total solar
radiation or as PAR (Justes et al. 2000; Lindquist et al. 2005). The radiation inter-
cepted by a crop is different from that absorbed by it and, therefore, introduces
variation in RUE calculations. Some authors suggest that conversion of RUE based
on solar radiation, with respect to that based on PAR, is achieved simply by mul-
tiplying the fraction of total solar radiation that is photosynthetically active (usu-
ally 0.5, Sinclair and Muchow 1999), while Bonhomme (2000) pointed out that
the appropriate multiplication factor depends on canopy LAI. When canopy LAI
is large it has been assumed that 85 % of intercepted PAR (IPAR) is absorbed by
the leaf canopy, while smaller values have to be used when canopies are less dense
(Sinclair and Muchow 1999; Bonhomme 2000).

However, variation in estimates of RUE can be substantially reduced by meas-
uring both intercepted and absorbed radiation continuously during a sampling
period (Lindquist et al. 2005).

A number of factors contribute to the variation in estimates of RUE, which
includes physical factors of the environment or intrinsic crop characteristics,
such as extreme temperatures, either very low or very high, developmental stage,
sowing period, plant density, water stress, or nitrogen deficiency (Sinclair and
Muchow 1999).

Cultivars with better nitrogen uptake and the ability to partition more of the
nitrogen uptake to leaf would be expected to have higher RUE. Higher RUE, how-
ever, also results in higher rates of water use and as water use is linked to biomass
production, greater risk of soil water deficit under low rainfall conditions may be
expected (Muchow and Carberry 1993).

Muchow (1990) stated that RUE is positively associated with specific leaf
nitrogen in kenaf. In a field study carried out in semi-arid tropical Australia
with the aim to determine the effect of water and nitrogen supply on kenaf cv.
Guatemala 4, a baseline RUE of 1.2 g MJ~! was observed (Muchow 1992). Lower
values were obtained under water deficit and nitrogen supply (Muchow 1992). The
baseline RUE was similar to the maximum RUE reported for sorghum at the same
location, but lower than that for maize (both C4 species).

This high sensitivity of RUE to nitrogen deficiency was also observed by
Muchow and Davis (1988) and Sinclair and Horie (1989) for maize, sorghum,
rice, and soybean.

Higher RUE (2.4 g MJ~!) compared to that showed by Muchow (1992) was
reported in experiments carried out in Mediterranean environments using kenaf
cv. Tainung 2 and 100 % of maximum evapotranspiration restitution (Perniola
et al. 1997). However, in the treatment where only water was supplied at sow-
ing a RUE of 1.1 g MJ~! was achieved, while increasing the water at 50 % of
maximum evapotranspiration restitution or irrigation when only soil water con-
tent reached -1.5 MPa resulted in a RUE of 1.6 g MJ~!. Lower RUE lead also to
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decreased crop growth rate (CGR) of 36 % in the limited water supplies and 83 %
in the irrigation only at sowing compared to the fully irrigated treatment (Perniola
et al. 1997).

2.4.2 Water Use Efficiency

Water use efficiency (WUE) at leaf level is generally expressed as net assimilation
of CO;, per unit of water transpired (jumol CO, mmol H,O~!). The most impor-
tant effects of genotype and environment on WUE at leaf level are described by
the equation of Fisher and Turner (1978), who have taken into account the dif-
ferences in concentration of CO, and H,O between air and leaf, the diffusivity of
CO3; and water vapor, and the diffusion resistance of the boundary layer of stomata
and mesophyll (Rivelli et al. 1998).

At field level WUE is defined as biomass yield divided by the total amount of
water applied.

Kenaf is described as opportunistic in relation to water availability, with a high
rate of stomatal conductance and transpiration rate when water is not limited, and
a markedly reduced stomatal conductance and transpiration rate when water avail-
ability is restricted (BIOKENAF Booklet 2007).

In a field experiment carried out in Mediterranean environment, using kenaf cv.
Tainung 2 and four water regimes, an average WUE value of 1.4 pmol CO; mmol
H,0~! has been reported. WUE ranged between 1.9 wmol CO, mmol HoO™! (50 % of
ETc) and 1.1 pmol CO, mmol HyO~! (100 % of ETc) (Rivelli et al. 1998). However,
when WUE was normalized with respect to the vapor pressure deficit (VPD) meas-
ured at leaf level values of 6.6 and 3.6 umol CO; mmol H,O~! kPa were achieved
at 50 and 100 % of ETc, respectively (Rivelli et al. 1998). Similarly, the relationship
between kenaf water use and crop dry matter production were conducted under typical
Mediterranean climate in Southern Italy. It was reported that kenaf was able to reach a
WUE of 2.3 kg m~3 of water even though elevated irrigation regimes are necessary in
order to obtain high productive levels from kenaf (Losavio et al. 1999b).

Higher WUE were obtained in a field study on kenaf at five different levels of
irrigation in central California. WUE ranged between 1.52 kg m~> in the irriga-
tion level of 150 % ETc to 4.36 kg m~3 in the irrigation level of 50 % ETc. WUE
decreased as the level of irrigation was increased from 25 to 150 % ETc. This
trend is common for many species, including cotton and corn (Howell 2000) and
is partially due to increased evaporation and deep percolation losses at the higher
irrigation levels (Bafiuelos et al. 2002).

Similar results were achieved by Patane et al. 2007 using kenaf cv. Tainung 2 and
four water regimes (100, 50, 25 % of Etm restoration during the whole crop cycle and
irrigated only at sowing, respectively /100, /50, [25, and Ip) in South Mediterranean envi-
ronment. WUE was in the range of 3.75 and 4.22 g dry matter I~! for full irrigation
(I100) and irrigation only at sowing (Ip), respectively. In their study the irrigation water



36 D. Scordia et al.

use efficiency (IWUE) was also calculated, giving a more accurate tool to evaluate the
efficiency of water transformation into biomass in relation to the different water treat-
ments. Table 2.2 shows the water utilized by the crop according to the different water
treatments and both WUE and IWUE of kenaf cv. Tainung 2 (Paten¢ et al. 2007).

A linear relationship between water supplied and the dry biomass produced
demonstrates how kenaf is particularly reactive to the amount of irrigation water,
keeping reduced levels of yield with limited amount of water while increasing the
IWUE in these conditions (Fig. 2.7).

Table 2.2 Water utilized by the crop according to the different water treatment and the WUE
and IWUE of kenaf cv Tainung 2*

Irrigation water Rainfall Total WUE IWUE
Water treatmentsupplied (mm) (mm) (mm) (gDM 1™ D) (g DM 1-h
Ip 92.6 130 222.6 4.22 7.72
Ips 210.3 130 340.3 4.08 5.57
Iso 327.9 130 457.9 3.82 4.71
Ti0o 563.3 130 693.3 3.75 4.27

Source *Patene et al. (2007)

26
24 4 »
22 4
g 20 4
8 18
-
2 16
=
@ 14
-
Y
£ 124
g o
10 /
pd y = 3.06+0.0356x
g ./ R?=0.99
6 . . . 1 .
1] 100 200 300 400 500 600

Irrigation water supplied (mm)

Fig. 2.7 Relationship between irrigation water supplied and biomass yield of kenaf cv Tainung
2 (from Patane¢ et al. 2007)

2.4.3 Nutrient Use Efficiency

Nutrient use efficiency (NUE) is dependent on many factors including soil nutrient
availability, uptake, transport, storage, mobilization, usage within the plant, and
may be generally defined as biomass yield per unit input applied. Mosier et al.
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(2004) described four agronomic indices to explain NUE: partial factor productiv-
ity (PFP, kg crop yield per kg nutrient applied); agronomic efficiency (AE, kg crop
yield increase per kg nutrient applied); apparent recovery efficiency (RE, kg nutri-
ent taken up per kg nutrient applied); and physiological efficiency (PE, kg yield
increase per kg nutrient taken up). Crop removal efficiency (removal of nutrient in
harvested crop as % of nutrient applied) is also commonly used to explain nutrient
efficiency (Roberts 2008). The most commonly limiting nutrients for plant growth,
especially for annual crops, are N, P, K, and S.

Information on NUE for bioenergy crops, including kenaf, are scarce and not
well quantified to date. Hossain et al. (2011), studied five kenaf varieties (V36,
G4, KK60, HC2, and HC95) grown in pots under shade house condition and sandy
BRIS soil. They reported that most of the kenaf varieties showed variation in NUE
(g dry matter mg~! nutrient). Values of <1.0 g DM mg~! nutrient were observed
for macronutrients, whereas higher NUE values were obtained for micronutrients.

Among macronutrients (N, P, and K), phosphorous use efficiency (PUE) was
greater than potassium use efficiency (KUE) and nitrogen use efficiency (NUE).
The most efficient cultivar was HC95 with 0.35, 0.09, and 0.07 g DM mg_l nutri-
ent, respectively for PUE, KUE, and NUE, while lowest values were reported
for cultivar V36 (in the same order of 0.24, 0.08, and 0.05 g DM mg_1 nutrient).
According to the micronutrient use efficiency, higher values were observed for Cu
(293.34 ¢ DM mg~! nutrient), followed by Mn (67.84 g DM mg~! nutrient), Zn
(45.66 g DM mg~! nutrient), and Fe (14.41 g DM mg~! nutrient) in cultivar HC95.

From the agronomic and environmental point of view, improvement of NUE is
an essential and challenging prerequisite for the expansion of bioenergy crop pro-
ductions into less fertile soils and marginal lands with low nutrient availability and
to avoid risk of losses when fertilizers are applied at rates above agronomic need.

In order to determine the correct crop fertilization, a clearer understanding of
the uptake of the applied nutrients and the storage in various plant organs is neces-
sary. In this respect, Mantineo et al. (2008) carried out a study on the destiny of
the nitrogen from mineral fertilizer on kenaf under water levels (100, 50, and 25 %
of Etm restoration during the whole crop cycle, respectively /100, I50, and /»5) and
nitrogen doses (N7s and Njsp, respectively 75 and 150 kg ha~! of N) by means
of PN labeled nitrogen application. Isotopically labeled nitrogen was distributed
in the top dressing fertilization as (15NH4)SOZ and at harvest leaves, stems, flow-
ers, and roots were analyzed for N labeled. Nitrogen derived from fertilizer index
(Ndiff) was determined according to Recous et al. (1988) method:

Ndiff% = 100(c —b) / (a—b)

where a is the atom% >N abundance of fertilizer, b is the atom% !°N abun-
dance of control plants that did not receive labeled fertilizer, c is the atom% 15N
abundance of labeled plant sample. Nitrogen recovered from labeled fertilizer
(%Nrec.) was calculated according to Hauck and Bremner (1976) as:

%Nrec. = 100P (c — b) /f (a — b)

where P is meq of N in the sample and f'is meq of N in the fertilizer.
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On the average of the studied factors, nitrogen derived from the fertilizer in
the plant (Ndiff%) and the nitrogen recovered in the plant from labeled fertilizer
(%Nrec.) resulted equal to 21.4 and 55.29 %, respectively (Table 2.3). The per-
centage of N derived from fertilizer (Ndiff%), in the average of the studied treat-
ments, found in the roots (30.38 %) resulted higher compared to the stems, leaves,
and flowers (23.38, 20.21, 20.32 %, respectively). The percentage of N derived
from fertilizer in the plant (Ndiff%) increased with the N fertilization levels
(15.08 % against 27.78 % in N75 and N5, respectively). With low availability of
water in the soil, Ndiff% was equal to 21.27 % (25 % ETc) and 18.51 % (50 %
ETc), whereas with good water condition Ndiff% attained 30.97 %. Irrigation
levels from 25 to 100 %, ETc, increased the N recovered from labeled fertilizer
(%Nrec.) from 38.74 to 72.08 %, while the level of N application determined
slight differences of N recovery (59.61 to 50.98 %, respectively for N75 and Njs0).
It was concluded that the percentage of N derived from fertilizer (Ndiff%) is
almost 24 %, while the other N derives from organic matter in the soil, N in irriga-
tion water and dry deposition. The plant has uptaken almost 55 % of the fertilizer
applied. The remaining part of fertilizer was probably immobilized by microor-
ganism and, partially, was lost by volatilization or leaching.

Acknowledgments Authors grateful thanks Dr. Cristina Patan¢ of CNR-Istituto per i Sistemi
Agricoli e Forestali del Mediterraneo (ISAFOM) and Dr. Orazio Sortino of University of Catania
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Chapter 3
The Breeding of Kenaf

Defang Li and Siqi Huang

Abstract The main purpose of breeding new kenaf is developing new varieties
that are higher yielding, resistant to pests and diseases, drought-resistant or region-
ally adapted to different environments and growing conditions. Kenaf breeding can
be accomplished through many different techniques ranging from simply select-
ing plants with desirable characteristics for propagation, to more complex molecu-
lar techniques. Classical kenaf breeding uses crossing of closely or distantly related
individuals to produce new kenaf varieties or lines with desirable properties. Plants
are crossbred to introduce traits/genes from one variety or line into a new genetic
background. Modern plant breeding may use techniques of molecular biology to
select, or in the case of genetic modification, to insert, desirable traits into kenaf. The
main methods which have been used in kenaf are introduction and breeding, system
selection, crossbreeding, mutation breeding, transgenic breeding, and so on.

3.1 Introduction

The Kenaf is a 4,000-year-old new crop with its roots in ancient Africa. As a mem-
ber of the hibiscus family (Hibiscus cannabinus L), it is related to cotton and
okra, and grows well in many parts of the world. It offers a way to make paper
without cutting trees. Kenaf grows quickly, rising to heights of 3—-5 m in as little
as 4-5 months (Li 2010). There are many different varieties of kenaf, and certain
varieties will perform better in certain locations, or under certain conditions than
other varieties. Breeding selection of new cultivars is the most effective measure to
increase production per unit area and improve fiber quality. There are many meth-
ods of breeding, such as pedigree selection, inter-varietal cross breeding, multiploid
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breeding, and high photo-efficiency breeding, etc. Breeding selection of kenaf
mostly start from introduction of new varieties and pedigree selection. As demands
grow later for more varieties to expand production, inter-varietal cross breeding has
become the chief form of breeding selection. Gradually, consideration is being given
to new technologies such as the use of distant hybridization and radiation breeding.

3.2 Methods of Kenaf Breeding

Hybridization consists of simple cross, complex crosses, and back crosses. A sim-
ple cross is also called a positive cross. In the case of A x B, it is called positive
cross. In the case of B x A, it is called negative cross. In a complex cross, the
hybrid progeny will be used for further crossing. For example, (A x B)F; x C is
called a 3-varietal cross. (A x B)F; x(C x D)Fj is called 4-varietal cross. Hybrid
progeny can be further improved in this way. As a result, one hybrid cultivar can
possess numerous advantages of several varieties. In a back cross, the hybrid
progeny of a simple cross are used to hybridize with a parent plant. For example,
(A x B)F; x A or (A x B)F; x B. Back cross can be carried out several times.
For example, (A x B)F; x A- > B|F;Xa- > BoF;Xa- > B3F;. The most commonly
used method is the positive cross.

Hybrid breeding is a complicated and demanding job. In practice, a fairly large
population is needed to meet the requirement for selection. When the population
is too large, there would be too much work to do. How do we do it in a reason-
able way? Let us take an example to specify the method for breeding selection and
points for attention concerning the development of a variety called “China kenaf
NO.13” (Li et al. 2009; Chen et al. 2011b).

3.3 Breeding Target

The breeding target is a question of top priority that the breeder must consider
first before any breeding plan can be made and it depends on the need for produc-
tion. Generally, aspects to be considered are high yield, superiority, and resistance.
Consideration is also given to local natural conditions, cropping systems, and the
possibility of carrying out mechanical operation.

As different regions have different natural conditions and cropping systems,
breeding targets will vary accordingly. The criteria of determination of breeding
target for kenaf have been “disease-resistant, high yielding, early sowing but not
early flowering”, “disease-resistant, high yielding, salt tolerant”, “disease-resist-
ant, high yielding, late maturing”, and so on. We are trying to breed a new variety
that can be high yielding (10 % higher than current varieties), resistant to disease
(disease index to be decreased by 20 %), and medium to late maturing, suitable for
growing in South China.
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3.4 Parent Plants and Their Combinations

Selection of parent plants depends on the breeding target. Accurate selection is the
key to the success of hybrid breeding. Selection can be made according to the fol-
lowing principles: The characters of both parent plants should be consistent with
the breeding target so that they can complement each other; Selection of geo-
graphically distant varieties for hybridization can enrich genetic constitution and
help breed new cultivars that accord with the breeding target; Selection of one of
the varieties is used for large-scale production as one of the parent plant.

In selecting a high-yielding variety, consideration should be given to differ-
ent yield characters. High yield is a comprehensive character which is affected by
many factors. Attention should be paid to height of plant, thickness of stem, height
of branches, and fiber percentage/plant of high yielding varieties.

According to the selection principles for parent plant, the parent plants con-
sist of 8 varieties, including Zhonghongma No.1, Qinpin 3, Meifeng No.4, YA1A,
China kenaf No.1, Fuma 882, Qiongshan, and Zhongzahong 316.

Combinations: the above varieties are used to make 20 hybrid combinations
such as Zhonghongma No.l x Qinpin 3, Qinpin 3 x Meifeng No.4, China kenaf
No.1 x Fuma 882. The total number of hybrid capsules obtained is 236. Each
combination has 15-20 capsules.

3.5 Regulation of the Flowering Stage

After having selected the right parent plants in accordance with the breeding target,
we first try to know the flowering stage of parent plants. Hybrid breeding can be made
only when the flowering stage of the two parent plants have to be regulated. Normally,
this could be regulated by sowing at different times. In case the flowering stages of
the two parents vary greatly, short day treatment should be carried out to help the late
maturing parent plants to flower in advance. The stepwise procedure for hybridization
is: selection of plant-selection of flower bud- emasculation-pollination-seed harvest.

3.6 Selection and Cultivation of Hybrid Progeny

Ways of selecting hybrid progeny consist of pedigree selection, modified pedigree
selection, and mass selection.

In the first year (F1), seeds are sown according to the hybrid combination from
single capsules. Generally, there is no need for selection. The only reason for this
is to remove false hybrids and inferior individual plants. The population should be
larger and the selection rules should be stricter. Seeds are respectively harvested
from the selected single plant. The methods for F3 up to F5 are basically the same as
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those for F2. The aim is to select superior single plants from the stabilized superior
lines, in which case comparison of stains and varieties can breed superior varieties.

3.6.1 Breeding Selection of Hybrid

In the same winter when hybrid capsules are obtained the F1 is grown in the
southernmost China of Hainan Province (18 North Latitude). The purpose
of growing material is to accelerating the process of breeding. Sowing is usu-
ally carried out in October. In the next March to April, seeds can be harvested.
From the start of emergence of seedlings, “false” hybrids are removed in accord-
ance with the law of dominance and excessiveness. For example, an F1 between
a variety with an auxiliary bud and the one without will have an axillary bud.
F1 between a green variety and a red variety is red. F1 between a variety with
unlobed leaves and one with lobed has lobed leaves. Apart from removal of false
hybrids, some seeds will also be lost due to natural and mechanical causes. Seed
of 254 hybrid capsules are harvested from 20 combinations for F1. The total
number of plants is 886.

For F2, seeds from the respective single plants are sown. Each line has a sow-
ing area of 3 m? (the number of seedling is fixed between 80 and 100). F2 has
a population of 886 lines. The total number of seedlings is between 80,000 and
90,000. Parent plants are used to make comparison with the F2 progeny in order
to characterize their morphological characters (leaf shape, pigmentation of stem
and axillary bud, height of plant), resistance to disease and growth period. After
the characterization, let us say that two inferior combinations are removed and 620
superior single plants are selected from 18 hybrid combinations (each combination
has about 100 plants). Selection of F2 should be strict; otherwise more work will
be involved for the progeny.

Criteria of selection. Plant height should be the same as that of the high-yielding
parent plant. Resistance to the disease should be the same as that of the highly resist-
ant parent plant. Growth period should be the same as that of the breeding target.

For F3, the sowing area of each line is slightly smaller than that of F2, that is
about 2 m2. But the population is still the same as that of F2. Methods for charac-
terization and selection are the same as those of F2. 1034 superior single plants are
selected from 12 combinations.

The method for F4 is identical to that for F3, but the check varieties should
be those used for eventual production in the large area. Emphasis of characteriza-
tion is laid on whether the morphological characters and growth period are stable,
production and resistance to disease can reach the breeding target with reference
to height of plant, thickness of bark and height of branches. 642 superior single
plants are selected from 12 combinations.

For F5 generation, the chief work to be done is to check the stability of the pop-
ulation. Selection is carried out in accordance with the breeding target. Results of
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characterization in our example show that 37 single plants from six combinations
can meet the requirement. Seeds of those selected materials are mixed harvested in
order to make strain comparisons.

3.6.2 Strain Comparison

The plot area is 6 m? and there are three replications, the sequence of which is
arranged in order. Commercial varieties are used for comparison. One area is used
to characterize resistance to disease. Artificial inoculation of anthracnose is also
characterized. From this, four strains are selected from 37 strains for making exper-
iments on cultivar compassion. They are numbered 71-10, 71-22, 71-28, and 71-36,
respectively.

3.6.3 Experiment on Cultivar Comparison

The plot area is 8 m? and there are five replications, the sequence of which is
arranged at random; four of them are carried out to test the yield and one of them
is carried out to make investigations and get samples. The experiment will last
3 years. From the second year onwards demonstrative experiments on new culti-
vars will be simultaneously carried out in kenaf production regions in the south of
China. The result of experiments shows that “China kenaf No.13” performs very
well. Its results of 3 years experiments and demonstrative trail data for production
are documented and submitted to the Varieties Examination Committee. It is rec-
ognized as a superior of kenaf after being jointly examined by the specialists. It is
now widely grown in kenaf production regions. It has been selected from the com-
bination between ‘“Zhonghongma No.1” and “Qinpin 3”. Its stem and leaf stalks
are red, without axillary buds; the leaf blade is quite thick; it grows quite fast in
early stage; the stem is strong and thick; the thickness of the upper and lower
stems is fairly regular; its height is 510 cmy; its growth period in Hunan province is
between 150 and 190 days, belonging to the medium and late maturing type; yield
per ha is 6,750 kg.

3.7 Items and Contents of Characterization

Items and contents of characterization vary with different breeding targets.
Take for example the breeding selection of the new cultivar of kenaf, “China
kenaf No.13”, which is aimed at increasing resistance to anthracnose as its first
objective. From F2 to F4, artificial inoculum is applied continuously for breed-
ing selection. A large number of susceptible varieties are eliminated. Resistant
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and high-yielding superior strains are selected from F4 after breeding selection
through cultivar comparison experiments.

3.8 Methods and Procedure for Selection

3.8.1 Rough Selection

It is carried out in the late stage of the vigorous growth period. Its purpose is to
eliminate sick, inferior, and early flowering plants. The total number of eliminated
plants must be discarded.

3.8.2 Preliminary Selection

It is carried out in the flowering stage. Tall healthy and vigorous plants are
selected. The selected plants should be marked.

3.8.3 Re-selection

It is carried out in the late of flowering stage. Check cultivars are used for compar-
ison in order to make better selection. Inferior combinations and lines are elimi-
nated. Superior single plants are selected from those lines which performed very
well. The selected plants are investigated, recorded (concerning their morpho-
logical characters, resistance to disease and economic characters), numbered, and
tagged. To enable the selected plants to display fully their respective characters,
the inferior materials must be discarded.

3.8.4 Final Selection

It is carried out in the seed harvest period. According to investigation and their
field performance, the materials to be selected are finally examined. Every selected
single plant is harvested and seeds are collected and conserved. Seeds of the sta-
bilized superior lines discovered from F4 and F5 are mixed harvested. Their yield
should be tested for making strain comparison in the next year.

3.8.5 Fundamentals of Selection

Breeders must fully understand the genetic variation in kenaf and make use of
it. Characterization of “false” and genuine F; progeny is based on the laws of



3 The Breeding of Kenaf 51

Table 3.1 The main characters of kenaf

Parameters Characters of parent plants Performance of F1
Leaf Unlobed leaf x Lobed leaf Lobed leaf
Pigmentation of stem Green x Red Light red
Green x Green Green
Growing period Early maturing x Late maturing Medium to slightly late maturing
Height of plant Medium x Tall Fairly tall

dominance. The main characters of F; which include the leaf shape, growing
period, height, pigmentation of stem and flower, may be used for characteriza-
tion. Qualitative traits should be selected from F; to F4 with reference to the laws
of genetic variation, while quantitative traits should be selected with reference to
their respective selection which can be made from the early progeny, while for
those with low heritability, selection should be made from the late progeny. For
example, growing period, height of plant and disease resistance has high heritabil-
ity. Such traits can be extensively selected in F» and F3. Traits with slightly lower
heritability such as thickness of fresh bark and fiber percentage/plant should be
selected in F3 and F4 (Table 3.1).

3.9 Acceleration of the Process of Breeding

It takes about 8 or 9 years to breed a new cultivar. This is because hybrid progeny
will not stabilize until after several generations. The duration can be shortened by
2-3 years in the following ways:

1. Sowing of F1 and F3 in non-growing period.

2. Use of right means of characterization. From F2 to F3, eliminate inferior mate-
rials as much as possible. In this way, superior materials may be obtained more
quickly in F4.

3. In case special superior materials are found, increase the number of seed and
expand the experiments of these special types.

In order to breed a new superior cultivar, first of all, select good parent plants
and at the same time, use correct methods of selecting. Sometimes, the success of
this work depends on the skilfulness of the breeders. The key to the settlement of
this question lies in repeated experiments in order to make sure that the selection
is correct.

Finally, we succeed to breed the Kenaf new variety, china Kenaf No.13
(original name: Lc0301), which was bred from progeny of ‘“Zhonghongma
Nol x Qinpin 37, is a textile and multipurpose new Kenaf Variety with high
yield, disease-resistance, lodging resistances, high quality, and wide adapt-
ability. Meanwhile, it is decomposite leaf, red stem, and no early flowering. In
China national kenaf regional trial, the average fiber yield of china Kenaf 13 was
4251.31 kg/h2, 16.37 % higher than that of CK “china Kenaf 12 from 2004 to
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2006. Average fiber and stem yields ranked the second place among the conven-
tional varieties. The main symbols of China Kenaf 13 are high plant, thick bark,
high percent of effective plants, bast fiber percentage, disease-resistance, and fiber
quality. Its average fiber strength was 316 N, fineness was 267. All of the traits
were better than that of CK. Disease index was 12.1 and rotten head rate was
0.8 % showed that it was high resistant to the anthracnose disease.

3.10 Method of Breeding for Disease Resistance

The methods used for disease resistance breeding in China are introduction, selec-
tion, and hybridization.

Introduction. If the source of resistance is available for an on-going breeding
programme, introduction would become the most essential and effective step. For
example, the introduction of anthracnose-resistant kenaf variety “Qingpin No.3”
which comes from Vietnam effectively controlled the great damage caused by C.
hibisci in China.

Pure line selection. Straight selection of resistant among heterogeneous varie-
ties in heavily diseased field or artificially in calculated population offers the cheap-
est and quickest method of developing a resistant variety. The selected individuals
are subjected to a progeny test under artificial inoculation. The resistant and agro-
nomically superior plants are selected and released for commercial production.
Such examples are numerous. The anthracnose-resistant kenaf variety “722” and
“Xioanghong No.1” were selected from a heterogeneous population of an intro-
duced variety “African Divided Leaf”. The anthracnose-resistant kenaf variety
“Yueyuan No.2” was selected from “New kenaf” in a heavily diseased field.

Intervarietal hybridization. This is currently the most commonly used method.
It serves the following two chief purposes:

1. Through the pedigree method to combine disease resistance and some other
desirable characters of one variety with the superior characters of another; for
example, the high-yielding, anthracnose-resistant kenaf variety “7804” was
derived from a cross of “714” x “Leiyang Keanf”. 714 is highly resistant to
anthracnose but agronomically inferior while the other parent is opposite. From
F2 to F4 generation, the progenies were screened by artificial inoculation of
race I and II of pathogen C. hibisci. The anthracnose-resistant kenaf varieties
“Yueyuan No.5” and “Meifeng No.4” and kenaf varieties “Broad Leaf kenaf”
and “Xiang No.1” were developed in a similar way.

2. Transfer disease resistance from an agronomically undesirable variety to a sus-
ceptible but otherwise desirable variety by backcrossing. “Guangba Dwarf”, a
dwarf mutant of only 1 meter high but nearly immune to C. gloeosporioides,
was crossed with the high-yielding “Mali Olitorius”. The resulting hybrid was
backcrossed with the latter recurrent parent for three generations. Subsequently,
a new high-yielding and disease-resistant variety “Xiang No.1” was selected
through the mass-pedigree method.



3 The Breeding of Kenaf 53

3.11 Breeding for Photoperiodic Insensitivity in Kenaf

The currently used cultivars are all highly sensitive to short day-length. When
the high-yielding, late-maturing varieties are cultivated in North China, they
do not have yield mature seed. The seed has to be imported into these regions
from South China, which requires lot of expenses on manpower and facilities.
Moreover, whenever the seed production in South China and low latitude coun-
tries, Malaysia, etc., is insufficient, the overall kenaf acreage shrinks which results
in shortage of raw material for the kenaf mills. In South China, on the other hand,
when these photo periodically sensitive varieties are sown earlier than late March
they flower prematurely, but when sown late the fiber yields are low and also the
transplanting of autumn rice is affected. To solve the seed production problem in
the north and the premature flower problem in the south, the answer seems to be
the selection of problem in the south; the answer seems to be the selection of a
photo periodically insensitive variety with high yield.

The sensitive variety is controlled by a single recessive gene or possibly by oli-
gogenes. The sensitive plants selected in F2 show stable insensitivity in F3.

A few insensitive lines have been evolved or screened and crosses involving
these lines have been made. However, except for the extremely early mature lines,
all of the other derived lines are only partially insensitive to photoperiod and show
slow growth under different photo thermal conditions. Therefore, effective transfer
of this insensitive characteristic to high-yielding cultivars is still a prior breeding
objective in the world.

3.12 Objectives and Strategies of Kenaf Breeding

Cultivating Kenaf has a history of one hundred years, Kenaf breeding has gone
through several development stages, including the introduction of system identi-
fication, system selection, cross-breeding, mutation breeding, heterosis utilization
of breeding, and transgenic breeding. In China, people has accomplished a series
of breeding achievements in high yield of Kenaf, high quality of Kenaf, multi-
resistance cultivars, which made China become the world leader in Kenaf breeding
and the level of unit yield. In recent years, with the progress of breeding technol-
ogy and the advancement of the level of science and technology, people has made
new progress in heterosis utilization of Kenaf, transgenic breeding, and aerospace
breeding. We should have new adjustment and improvement in regard to the direc-
tion goals and strategies of the Kenaf breeding, because of agricultural structural
adjustment, the planting area is gradually shifted from the coastal and central
regions to the Midwest, and the new discoveries of efficiently comprehensive use
of bastose and higher requirement of Kenaf breeding.

Thanks to the development of modern biological technology and the progress
of science and technology, modern development of science of Kenaf is based on
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differentiation and integration, namely to the development of the integrated system as
features. Therefore, establishing perfect system of efficient pyramiding kenaf breed-
ing in which the point is the comprehensive application of modern breeding tech-
niques, the high quality, high yield, disease resistance, resistance (resistance to insects
drought, salt) breeding technology, and the choice of simple genetic traits polymeri-
zation to promote the breeding technology of high differentiation kenaf and the height
of the comprehensive co-exist and complementary. So the next stage of development
direction of Kenaf breeding should combine conventional breeding with modern bio-
technology breeding (including transgenic breeding and molecular design breeding).
Sterile Line Breeding, development inspecial germplasms, and application of hetero-
sis are very important to further improve level and efficiency of Kenaf breeding.

3.12.1 Objectives of Modern Kenaf Breeding

3.12.1.1 High Quality, High Yield, Resistance to Insects and Disease,
Selection of New Variety of Kenaf Breeding

In the future, an important goal and the major direction of Kenaf breeding is to
enhance all stalk and fiber production, breeding new strains of the fiber produc-
tion 10 % more than the contrast variety yield, a increase of 8 % in production
output dry stems above; fiber quality request count reaching the 300-or so, strong
reaching 430 N or so; resistance to kenaf anthracnose, high roots nematodes, fun-
gus diseases, strong resistance; wide adaptability of new varieties. Resistance of
anthrax raise a level compared with root nematode in control ability; The resist-
ance is mainly alkali and drought resistance, of which the requirement of resist-
ance to salt should be in 0.4-0.5 % to grow normally and obtain the relative higher
yield; drought resistance requires to plant and grow normally in dry land or the
western region.

3.12.1.2 High Quality Textile Fiber Special for Selection of New
Varieties of Kenaf Breeding

Selecting out high fiber index, high degree of single to grow new kenaf varieties,
of which the quality of fiber should be up to textile fabrics high-end textiles. The
index of breeding production increase by 5 % compared with the variety and fiber
count more than 350 teams.

3.12.1.3 Breeding of Super High-Yielding Combinations Hybrid Kenaf

The point is the selection and utilization of High-Yielding Combinations and
Three Lines System of kenaf Male Sterile. Its advantageous index is hybrid Kenaf
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F1 combination advantage than promotion check varieties in yield increases more
than 20 %.

3.12.2 Strategies of Modern Kenaf Breeding

3.12.2.1 Biotechnology Breeding Research

Because traditional agriculture is being rapidly converted into techno-agriculture,
developing genetic resources and new plant varieties through genome research
progress have been prevalent. With the development of new technology, the range
of DNA polymorphism assays has been expanded to the field of genetic mapping,
marker-assisted plant breeding, genome fingerprinting, and study of genetic rela-
tionships (Rafalski et al. 1996; Vogel et al. 1996). The random amplified poly-
morphic DNA (RAPD) technology provides a powerful tool for the identification
of genetic variation of organisms (Welsh and McClelland 1990; Williams et al.
1990). This technology is easy to handle and cost-effective, it uses only a single
RAPD primer but enables the detection of variations at multiple loci. The RAPD
assay has been used for studying genetic diversity studies of many crop species,
such as soybean, rice, rose, and mustard (Fujishiro and Sasakuma 1994; Takeuchi
1994; Lin et al. 1996).

However, genetic information for kenaf, especially, at the molecular level is
limited. To better understand the genetic basis of kenaf for the improvement of
production and to lay the foundation for molecular breeding efforts, Chen et al.
(2011a) constructed a primary genetic linkage map which was using sequence-
related amplified polymorphism (SRAP), inter-simple sequence repeat (ISSR),
and randomly amplified polymorphic DNA (RAPD). Cultivar ‘Alian kenaf’ and
‘Fuhong 992’ were used as parents to construct an F2 population consisting of 180
plants. They selected 494 SRAP, 60 ISSR, 120 RAPD, and 300 two-primer RAPD
mixture primers that amplified 396 polymorphic loci in total. At a logarithm of
the odds (LOD) score threshold of 5.0 and at a maximum map distance of 25 cM,
these 396 loci were used to construct the genetic linkage map with MAPMAKER/
EXP 3.0, a total of 307 loci were grouped into 26 linkage groups that spanned a
total map length of around 4924.8 cM with a mean density of 16.04 cM per locus.
These markers were distributed randomly in all linkage groups without any clus-
tering. The construction of the kenaf genetic linkage map will be useful for further
genetic studies including mapping both qualitative and quantitative traits, marker-
assisted selection program, and comparative genomics analysis.

Kim et al. (2010) tried to grow seventeen kenaf varieties collected from sev-
eral regions around Asia and Europe in Korea and analyze their genetic diver-
sity using morphological characters and AFLP technique. In the morphological
analysis, the 17 varieties were divided into two major groups according to stem
diameter, plant height, and flowering periods. The late varieties, which could
yield more biomass compared with the early-medium varieties, were included
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in one of two major groups. Nonetheless, it is difficult to identify individual
varieties based on morphological characters because of their limited variation.
For the AFLP analysis, 34 primer combinations generated a total of 3,193 poly-
morphic bands (out of 3,914) with a polymorphic rate of 82 %. The clusters
were divided into two major groups with a similarity coefficient of 0.63 by
UPGMA analysis method; but each group did not show a common tendency.
Additionally, the results of the AFLP analysis did not show similar tendency
compared with morphological data, a result that might be explained in terms
of convergent evolution, i.e., the acquisition of morphologically similar traits
between distinctly unrelated varieties.

In order to find a proper method for identifying kenaf varieties and studying
their variation, morpho-agronomic characters and random amplified polymorphic
DNA (RAPD) markers were analyzed among 14 kenaf varieties commonly used
in Japan by Cheng et al. (2002) Data from morphological analysis showed that the
included kenaf varieties could be divided into three major groups. The characters,
such as middle stem diameter, whole stalk weight, and days to 50 % flowering, are
highly responsible for the variation of the kenaf varieties, but it is difficult to iden-
tify individual varieties merely by the morpho-agronomic characters. On the other
hand, clearly separation of the kenaf varieties was achieved based on the RAPD
variation patterns. Genetic relationship of the kenaf varieties can also be traced
through the analysis of RAPD and morpho-agronomic variation. It is concluded
from the present study that RAPD analysis is an effective tool in identifying kenaf
varieties and determining their genetic relationships, particularly when combined
with the analysis of morpho-agronomic characters.

Applying the ISSR technique, Huo and Li (2009) set up two gene pools from
two different male sterilized kenaf varieties. He found a primer which can show
the difference between the sterile gene pool and fertile gene pool. The ISSR
primer is U859. The result showed the kenaf male sterility line is cytoplasmic
nuclear interaction male sterile, and the male sterility is steady. The ISSR primer
U859 is linked with genetic-male sterility.

Analysis the genetic diversity among kenaf germplasm resources and the phy-
logenetic relationships of main plum species by using molecular marker will help
us to understand the molecular mechanism. In the near future the kenaf breeding
aim is to strengthen the resistance to insect, herbicide resistance, resistance to salt
and drought tolerant transgenic breeding, cloning kenaf functional gene, construc-
tion of molecular marker genetic linkage map, and localization of QTLs for some
important economic traits of kenaf.

3.12.2.2 Mutation and Space Breeding Research

Adopted the method of physical and chemical mutagenesis, special germplasm
resources is an important component of kenaf germplasm resources, and it is paid
more and more attention because of its special characters for special breeding pur-
poses and important study value. Breeding in outer space, which has made significant
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achievements on crops seeds, is one of the most important projects in the global com-
petition for exploitation of outer space. Space breeding provides a new technical plat-
form for agricultural scientists to explore the mechanism of crop mutation induced
during spaceflight and breeds new varieties of crops. It is important to develop the
space breeding industry, serve agricultural production better, promote world’s sus-
tainable and healthy agricultural development, and ensure national food safety.

Li Defang found a kenaf male sterilized mutant named KCNms from kenaf 151
in Hainan Province in China in 2003. After genetic analysis and cytological obser-
vation, they found the mutant was cytoplasmic-nuclear male sterile line. They
were using LC0301, YA1, 261N5-18, and 261N5-19 as current parent and using
KCNms as donor parent. Then, backcross breeding. After 4 years, our research
group had successfully bred 4 different male sterilized varieties: LCO301A, YA1A,
261N5-18A, 261N5-19A. There are new kenaf male sterilized varieties with high
yield, disease-resistance, lodging resistances, high quality, and wide adaptability.
It was a great breakthrough in the heterosis utilization after chemical induction
of male sterility. Their methods supplied a new way to be widely used in hybrid
kenaf breeding and production.

3.12.2.3 The Establishment of System of Efficient Polymerization
Breeding Technology

Combining modern breeding technologies with traditional breeding technolo-
gies is to accelerate breeding technology integration and method innovation.
Establishing the system of efficient polymerization breeding technology is to
improve the efficiency and level of kenaf breeding and shorten the number of year
and cycle of breeding.

3.12.2.4 The Identification and Innovation of Germplasm

Continuing research in resources collection, introduction, and identification is to
carry on a planned way the system of the identification and evaluation of the existing
kenaf germplasm resources. Explore wildlife and cultivation of the specific favorable
genetic material to provide the breeding utilization. Further using modern biological
technology to develop the innovation of germplasm and its utilization is to provide
advantageous genes germplasm for hybrid breeding and hybrid advantages.

3.13 Conclusions

Kenaf breeding is the art and science of changing the genetics of plants in order
to produce desired characteristics. Plant breeding can be accomplished through
many different techniques ranging from simply selecting plants with desirable
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characteristics for propagation, to more complex molecular techniques. By using
the breeding technology, we successfully made new development on breeding of
novel materials specialized for textile or papermaking(or both), which have fea-
tures of anti-disease, lodging resistance, new species of high yield with wide range
of adaptability, super-high yield type of hybrid kenaf, and kenaf photo periodical
insensitivity and root-knot nematode resistance. In the upcoming future, a great
achievement can be made in the improvement of kenaf varieties with the develop-
ment of science and technology.
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Chapter 4
Crop Management

E. Alexopoulou, Y. Papatheohari, D. Picco, N. Di Virgilio and A. Monti

Abstract The determination of the appropriate crop management is a key factor
for the successful insertion of the crop in the existing cropping systems with eco-
nomic benefits. Research on crop management has been conducted when kenaf was
evaluated as an excellent cellulose fiber source for a large range of paper products
(in 1960s). The most important parameters in the crop management that should be
followed are the site of its cultivation and the final end use. New kenaf varieties
have been released that were resistant to pests and diseases with improved resistant
to drought, and with higher yields. The plant density and the fertilization need to be
varied according to its final use of the crop. When it is cultivated for its fiber stem
the plant population should be from 170,000 to 350,000 plants per ha and with row
spacing 35-50 cm. In areas where the precipitation is limited irrigation is needed
to achieve high yields. It is a crop very sensitive to nematodes, especially when it
is cultivated in areas with sandy soil and this should be taken under consideration
on the rotation system that will be followed. Harvesting time and methods can be
adjusted according to the use of the crop (fiber, seeds, fiber and seeds, forage).
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4.1 Introduction

Kenaf (Hibiscus cannabinus L)is non-food crop that grows quickly and in 4-5
months can reach a height 3-5 m depending on the area of its cultivation. Its roots
are in ancient Africa and although is cultivated long (3500—4000 BC) is consid-
ered as an old—new crop. Soon after its introduction in USA (in 1940s) efforts
to bring kenaf from experimental crop status to an accepted alternative in estab-
lished cropping systems were started and are still in progress. In order the crop to
compete successfully with the existing crops and maximize monetary returns, the
effects of agronomic practices on yield and crop quality must be better understood.
The selection of the best-adapted variety for each site significantly contributes
to the yields maximization and thus the highest economic returns can be provided
(Bhangoo and Cook 1998a). At sowing the ground temperature should be at least
15 °C. The warmer temperatures result in an increase in growth rate. Seed should
be planted less than 1 inch deep, if the soil moisture and seedbed are suitable. When
kenaf is cultivated for its fiber stems, the stems should be unbranched and plant
populations around 200,000 plants per ha are required. Row spacing and population
density are implicated in dry matter yield, and therefore, bast fiber production.
Haarer (1952) stated that a well-distributed rainfall of about 125 mm for each month
during the growing season leads to optimum yield. Kenaf requirements for nitrogen
are high depending on the yield of the crop at harvest. As nitrogen fertilizer can consti-
tute up to 20 % of the kenaf production cost grown for paper pulp production and thus
accurate prediction of optimal rates of application is needed. One of the major problems
inkenaf growing is its susceptibility to root-knot nematodes (Wilson and Summers
1966; Adenyi 1970; Adamson et al. 1974; Pate et al. 1958). Harvesting is the key point
for kenaf like all the other fiber crops because it is the step connecting production with
processing through the delivery of the material to the factory with specific features.

4.2 Kenaf Varieties

The selection of the best-adapted variety for each site is very important in order
to achieve the maximum yields and to provide the highest economic returns
(Bhangoo and Cook 1998b). Breeders have produced many varieties, which vary
in the form and color of the leaves, stems, flowers and seeds and in their response
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to soil conditions, climatic conditions and daylength, as well as in the quality and
yield of the fiber which they produce (Catling 1982).

Significant improvements in kenaf germplasm have been made since the first
projects were initiated in the 1940s in the USA. Major gains have been made in
improving yield, bast fiber percentage, anthracnose resistance, lodging resistance,
and tolerance to the root-knot nematode and soil fungi complex (Cook et al. 1998).
Although the present varieties are capable of achieving high biomass yields, there
is interest in pursuing further improvement of both productivity and fiber quality
through breeding activities because genetic gains can be exploited without a con-
comitant increase in the cost of the crop management (Pate et al. 1958).

High degree of heterosis has been observed in kenaf (Pate and Joyner 1958;
Nelson and Wilson 1965; Srivastava et al. 1978; Patil and Thombre 1980) and when
the problem of manual pollination was solved many kenaf hybrids were realized and
cultivated (Li 2002). The development of superior hybrids contributed to the improve-
ment of kenaf productivity. Plant height, basal stem diameter, dry bark weight, and
the ratio between dry bark weight and the core weight are the major components of
fiber yield and quality. Kenaf hybrids are very popular in some countries, like China,
Russia, and Thailand. About 1000 tons of hybrid seed is sold in China every year.

In the USA there are more than 240 varieties but the commercially grown ones
are around 10. In the USA the varieties used most extensively are those devel-
oped by USDA Agriculture Research Service (ARS) researchers in Florida; named
Everglades 41 and Everglades 71. Both varieties were characterized as high resistant
to anthracnose. Currently (USA), the principal commercial varieties are Everglades
41, Everglades 71, Tainung 1, Tainung 2, Gregg, Dowling, SF 459, and Whitten. In
small quantities the photo-insensitive variety Guatemala 4 can be obtained.

The newly released varieties Gregg and Dowling (Scott et al. 1999) found to
be more productive compared to the traditional kenaf varieties (Everglades 41,
Everglades 71, Tainung 1 and Tainung 2) in the later harvest. Both of these varie-
ties reported with high stalk production, yields stability, high bast fiber percent-
age, moderate tolerance to the root-knot nematode, and improved resistance to
Cristulariella moricola. Dowling (a cordate leaf genotype) was released not only
because of the improved total stalk fiber yield and its greater bast fiber percentage
but also for its less susceptibility to lodging (Cook et al. 1999).

The variety named SF 459 combines the high biomass yields and the high
resistant to nematodes and apart from USA it was tested for a period of four sub-
sequent years in Greece (BIOKENAF project, www.cres.gr/biokenaf) and both
high yields and high resistant to nematodes were also recorded.

The variety Whitten was developed through the research efforts of Mississippi
State University and so far has shown great promise in trial plots. Whitten leaves
resemble those of a cotton plant. Whitten was derived and selected as a single plant
from the S2 (F3) segregating array of a cross of E41, an improved cultivar with
undivided leaf shape, and a powdery mildew resistant selection of ‘Guatemala 45’
made during the 1994 growing season (Baldwin et al. 2006).

Kenaf varieties, according to their reaction to flowering, are divided in two
groups the early and the late-maturity kenaf varieties.
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4.2.1 Early Maturity Kenaf Varieties

The flowering for the early maturity kenaf varieties is irrelevant to the daylength.
In the pedoclimatic conditions of the Mediterranean region, the flowering in the
early maturity varieties begins from mid-July to mid-August. The duration of their
vegetative cycle may be 75-105 days (early varieties) or 105-120 days (semi-early
varieties). Early maturity varieties have been produced for the Asiatic regions of
the former USSR.

In most research works, it is reported that the early maturity kenaf varieties
are less productive than the late-maturity kenaf varieties due to the fact that they
have a shorter vegetative phase. Adamson et al. (1972) found that the early matu-
rity kenaf varieties (PI 329195, PI 323129, PI 343139, PI 343142, and PI 343150)
that have been tested among other kenaf varieties gave dry matter yields and were
always significantly lower (7.64 Mg/ha versus 17.9 Mg/ha) than the recorded
yields for the late-maturity kenaf varieties (C-2032, Everglades 41).

The G-4 is the only variety that combines a short growing cycle and a high
productivity similar to those recorded for the late-maturity kenaf varieties. In cen-
tral north Italy (Petrini et al. 1994) has been reported dry yields of 24 Mg/ha for
G-4. Grandall suggested that G-4 is a photoperiod-insensitive cultivar. According
to Belocchi et al. (1998), the early maturity G-4 variety (in the Mediterranean
region) needs from emergence to anthesis a period of about 130 days. Although in
the United States and Southern Europe G-4 is characterized as photo-insensitive
with short growing cycle, in Australia it appears to be the opposite. The difference
of the flowering of G-4 between Australia and United States is due to the amphi-
photoperiodic response that appears to alter the photoperiodic response in the two
photoperiod regimes (Williams 1994). However, in the areas of the United States
the research for kenaf has been carried out by G-4 flowers relatively rapid, due to
the long days, with little radiation in thermal time to flower among sowings.

4.2.2 Late-Maturity Kenaf Varieties

The flowering in the late- maturity kenaf varieties strongly depends on the day-
light length and the first flowers appear when daylength is less than 12 h and
30 min. The duration of the vegetative cycle for the late-maturity kenaf varieties
is 120-140 days. In the pedoclimatic conditions of the Mediterranean region the
flowering for the late-maturity kenaf varieties did not begin until the middle of
September and thus the seed set on the top part of the stem did not ripen because
of the beginning of the cold period (Siepe et al. 1997).

The late-maturity kenaf varieties due to the fact that the vegetative growth lasts
for two more months produced significantly higher yields. It is reported (Petrini
and Belletti 1991) that there is a positive relation between kenaf productive and
absence of the flower indication (Alexopoulou et al. 2000a, b). This correlation
can be understood when taking into consideration that kenaf has an indeterminate
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type of growth, which is rather rapid, until the first flowers appear. Afterwards,
vegetative growth does not stop, but its growth rate decreases.

Among the late-maturity kenaf varieties, the most known are Everglades 41,
Everglades 71, Tainung 1, and Tainung 2. A large number of research works has
been carried out with the aforementioned kenaf varieties. Between the kenaf vari-
eties Everglades 41 and Everglades 71, it is reported that in most of the cases
Everglades 71 was more productive. In Arizona (McMillin et al. 1998) Everglades
41 gave 23.4 Mg/ha dry matter yields and Everglades 71 24.0 Mg/ha. The superi-
ority of Everglades 71 over Everglades 41 was also reported in another research
work (Webber 1993) with yields 15.9 and 14.5 Mg/ha, respectively. In central
Greece, Everglades 71 gave 20.58 Mg/ha dry matter yields and Everglades 41
18.14 Mg/ha.

Between the kenaf varieties Tainung 1 and Tainung 2 the second was the
most productive. In north-central Italy Tainung 2 gave almost 24 Mg/ha dry mat-
ter yields, and Tainung 1 produced 21 Mg/ha (Petrini et al. 1994). In Mississippi
(Ching et al. 1993) both varieties (Tainung 1 and Tainung 2) had yielded the same.

4.3 Sowing Dates

Kenaf seeds are relatively small and require good seed-soil contact for germina-
tion. Therefore, a fine, firm, well-prepared seedbed is necessary. The ground tem-
perature should be 15 °C at least as warmer temperatures result in an increase
in growth rate. Under favorable soil conditions kenaf seeds emerge after two to
four days. In the United States and South Mediterranean countries, kenaf can be
planted in spring once the soil has warmed to 13 °C and there is no threat of frost
(April-May). Seed should be planted less than 1 inch deep (between 1.25 and
2.5 cm), if the soil moisture and seedbed are suitable. Kenaf can emerge from a
depth of 2.5 inches under the most favorable conditions.

Planting can be carried out by using standard planting equipment in a wide
range of distances between the rows and can be planted on both raised beds and
on flat ground. The kenaf seeds are approximately 6 mm long and 4 mm wide
(35,000-40,000 seeds/kg) and are quite similar in size with the seed of grain sor-
ghum (Sorghum bicolor L.). The use of high quality seed, (germination over 80 %)
the use of the appropriate equipment that gives uniform seed placement, and the
good seed-soil contact should be overemphasized. It should be noted that warm,
moist soils are the ideal planning conditions for kenaf.

Kenaf plants that had been grown under no-till conditions resulted in lowest
biomass accumulations. No-tillage systems may be a viable option in increasing
acreage of kenaf, if weed problem is controlled and water is not a limited factor.

The sowing date strongly depends on the specific pedoclimatic conditions of
the area of cultivation. Early planting dates often result in poor emergence and slow
non-competitive growth. On the other hand, the late-planting dates will often result
in reduced yield potential due to the reduced solar radiation availability. Due to the
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fact that the vegetative growth for the late-maturity kenaf varieties continues until the
appearance of the first flowers the sowing should take place as soon as the soil temper-
ature is higher than 15 °C in order the vegetative stage of the crop is as long as possible.

4.4 Plant Densities

Kenaf is self-thinning crop and reduces its population during the growing sea-
son. When kenaf is cultivated at high plant populations, ranging from 300,000
to 500,000 plants/ha, it is required at a total quantity of 10—15 kg seed/ha, while
when it is cultivated to achieve final plant populations of 185,000-370,000 plants/
ha a quantity of about 8—12 kg/ha seed is needed.

A large number of research works have been carried out worldwide in order to
determine the appropriate plant population that results in maximization of the crop’s
yield. Plant populations between 99,000 plants/ha and 932,000 plants/ha have been
tested for several kenaf varieties (Muchow 1979a, b, ¢). In most of these research
works it is reported that the increase of the plant density from 150,000 to 350,000
plants/ha resulted in increase of the yields (Higgins and White 1970; White 1969;
White et al. 1971; Clark and Wolff 1969; Campell and White 1982; Bhangoo et
al. 1986; Sarma and Boldoloi 1995; Sarma et al. 1996). Sahih (1978, 1982, 1983)
reported that for maximum kenaf dry production in Sudan plant populations between
250,000 and 500,000 plants/ha were recommended for commercial production.

At high densities the number of branches per plant was decreased (Scott 1990;
Fahmy et al. 1985). Higgins and White (1970) and White et al. (1971) found that
when the plant populations were increased the plant height and the basal stem diam-
eter significantly decreased, while the percentage of dry matter at harvest increased
(Naffes and Kanzanda 1983). The bast to core ratio was not found to be affected by
the increase of the plant populations and the decrease of the row spacing (Graham
and Baldwin 1999). Plants in stands that are too dense for the cultivar or seasonal
growing conditions tend to be short, spindly, and week-stemmed. Plants in stand that
are too sparse produce branches that are too heavy. In both cases lodging is inevitable.

The distance between the rows seems to play an important role not only in the
total dry matter yield, but also in total harvestable bast per ha. In a study where
four row spacing were tested (35.5, 50.8, 71, and 101.6 cm) it was found that in
the narrowest row spacing the yields both total and bark yields were significantly
higher (Baldwin et al. 2006). Thus, the decreasing of row spacing is the most effec-
tive cultural practice for increasing total dry matter accumulation per ha and bast
yield per ha. Maximum yields can be achieved with row spacing from 35 to 50 cm.

4.5 Fertilization Requirements

Kenaf, unlike traditional agricultural crops that are grown for their seed, is grown
mainly for its fiber stems and recently it is grown for both (stems and seeds).
When the crop is harvested after the first killing frost the stems are defoliated.
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It has been estimated that the leaves drop returns significant quantities of nitro-
gen (as high as 4.0 % by weight; Hollowell 1997) calcium, magnesium, phos-
phate, and potassium back to the soil where the stalks that remain prevent them
from blooming away. Standing in the field allows return of nutrients not only from
the leaves that have already fallen but also from the degradation of the non-fiber
content of the bark. In this case at the time of the harvest the only thing removed
from the kenaf field are the fiber stems (cellulose, hemi cellulose, lignin = carbon,
hydrogen, and oxygen) (Dubard and Baldwin 1999).

Kenaf’s response to added fertilizers depends on the soil nutrient levels, crop-
ping history, and other environmental and management factors. A range of fertility
responses has been reported. In general, when the added nitrogen is increased the
yields were also increased. Three important factors should be taken into considera-
tion when the kenaf fertilization is designed. First of all, it should be considered in
the fertility program if it will focus on vegetative needs of the crop than the grain
or in reproductive needs. Second, if kenaf with its deep taproot and wide-spreading
lateral root system is considered to be an excellent user or residual nutrients from
previous crops. Last but not least, it should be taken into consideration the fact that
the leaves that left in the field after the harvest can return 60—120 pounds of N/acre
(Bhangoo et al. 1986) or 50-100 pounds of N/acre (LeMahieu et al. 2000).

According to Wood and Angus (1976), kenaf requirements for nitrogen are
high, up to 30 kg N per ton of stem. Wood and Muchow (1980) also reported that
the crop has a high requirement for nitrogen fertilizer; the amount depends on the
yield of the crop at the harvest. As nitrogen fertilizer can constitute up to 20 % of
the cost of production of kenaf grown for paper pulp production, accurate predic-
tion of optimal rates of application is needed.

As with other crops proper fertility maintenance, especially for supplemen-
tal nitrogen application, is needed to optimize kenaf yields and minimize pro-
duction cost. Reports so far are inconsistent relative to the effects of N on kenaf
stalk yields (White and Higgins 1965); researchers in Georgia have reported both
positive (Adamson et al. 1979; Amankwatia and Takyi 1975; Lakshminaray et al.
1980) and no benefits (Massey 1974, Webber et al. 1996).

Studies in Florida demonstrated that the positive response to N applications on
stalk yields were dependent on the soil type (Joyner et al. 1965), while kenaf grown
on a sandy soil reported to N and did not respond to N on a peat soil. Bhangoo et al.
(1986) in California and Sij and Turner (1988) in Texas increased stalk yields with
the addition of N to soils with low available nitrogen. Stalk yields in Missouri (Ching
and Webber 1993) on a silty clay soil and in Nebraska (Williams 1966) on a silty clay
loam soil did not benefit from N applications. Stalk yields have also reported differ-
ently to N on the same location and soil throughout the years (Hovermale 1993).

Chew et al. (1982) found that the nitrogen fertilization increased the plant
height and the fiber yield of kenaf to the highest rate studied (112 and 120 kg/ha,
respectively). K fertilization increased kenaf height and fiber yield to 100 kg/ha at
the 1-bloom stage, but to only 70 kg at the 5-10-bloom and seed set stages kenaf
increased in height and fiber yield between the 1-bloom and seed set stages.

In a study that was carried out in Northern Territory of Australia where kenaf
crop yields 10 Mg/ha under rain fed growing conditions applied the following
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fertilizers: Phosphorus: 30 kg/ha, Sulfur: 30 kg/ha, Potassium: 50 kg/ha, Nitrogen:
230 kg/ha, and Copper: 3 kg/ha.

Whitely (1981) reported that one recommended fertilizer application could be
35-70 kg N/ha, 40-60 kg P,0s/ha, and 45-65 kg K,0/ha. In the same study it has
been estimated that for the production of 50 MT/ha green plants kenaf withdraws
from the soil about 175 kg N/ha, 15 kg P/ha, and 75 kg K/ha and 30 kg Mn/ha.

In sandy soil in Florida, 140-160 N Ib/A and 90 Ib/ha P05 was applied when
the soil tests showed <16 mm Mehlich-1 P, and 60 when Mehlich-1 was between
16 and 30 ppm. 100 Ib/A K50 was also applied when Mehlich-1 K <35 and 70
was between 35 and 60 ppm. It is reported that the soil is not expected to respond
when the soil tests shows P above 30 ppm and K above 60 ppm.

4.6 Irrigation Needs

Crane (1947) stated that 500-625 mm of rainfall over a period of 5-6 months is
essential for a successful production of kenaf fiber. Haarer (1952) stated that a
well-distributed rainfall of about 125 mm for each month during the growing sea-
son leads to optimum yield. In a study in central California (Banuelos et al. 2002);
kenaf required 780—1200 mm of water for optimal growth and production applied
through irrigation or by precipitation.

A series of research works has been carried worldwide in order to determine
both the maximization of the yields and the minimization of the applied irrigation
water. Where irrigation water is scare or expensive (Muchow and Wood 1981), the
development of an effective water management strategy needs to consider both
the crop response to irrigation frequency and the associated water application
efficiency. When water is both plentiful and cheap the efficiency of application is
of less significance but it is still of some economic importance. The efficiency of
water application is inversely related to the frequency of application, and also usu-
ally inversely related to crop yield.

It has been reported in several research works that when the kenaf plants are irri-
gated well higher dry matter yields were achieved (Muchow 1992; Robinson 1990;
Evans and Hang 1993; Manzanares et al. 1993; Mambelli and Grandi 1995; Danalatos
and Archontoulis 2010). It is reported that the dry stem yields were linearly associated
with the added irrigation water (Manzanares et al. 1993; Mambelli and Grandi 1995).

According to Banuelos et al. (2002) kenaf production in central California
increased as irrigation was increased incrementally from 25 to 125 % crop evapo-
transpiration (etc), while water application at 150 % etc, had no increased benefit.
It should be pointed out that in the same study the bark:core ratio was unaffected
by the level of irrigation.

Ogbonnaya et al. (1998) observed that the water deficit significantly reduced
the height and collar diameter growth of kenaf. Kenaf could be described as
opportunistic in relation to water availability, with a high rate of stomatal conduct-
ance and transpiration when soil water is available but with markedly reduced leaf
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conductance and transpiration rate when water is limited. Kenaf was also observed
to roll its leaves during drought. Muchow (1992) found that although the water
deficit markedly reduced biomass production, the crop was able to recover follow-
ing rewatering.

A water potential of 0.5 MPa was bracketed as the critical water potential,
below which the plant would be stressed and the leaf temperature would increase
above ambient air temperature (Ogbonnaya et al. 1998). The stressed plants, there-
fore, began to face another kind of stress the heat stress. High temperature accom-
panying drought causes release of ammonia from decomposition of protein that
injures plant tissues (Weiland and Stuttle 1980).

Water stress is not always injurious. Although it reduces vegetative growth,
it sometimes improves the quality of plant products. It can be generally hypoth-
esized that some level of stress may be required to improve the fiber qualities of
crop plants. This level of stress, which does not affect growth, however, has to be
worked out for each plant (Ogbonnaya et al. 1997).

According to Muchow and Wood (1980), the water stress resulted in shorter
kenaf plants, lower leaf area index, thinner stems, and thicker leaves. The per-
centage of bark in the stem material decreased only in the most stressed irrigation
regime. This was associated with an increase in the dry matter content of the har-
vested material.

It has been reported (Cook et al. 1998; Bhangoo and Cook 1998a) that kenaf
can be grown successfully on a saline soil (Francois et al. 1990) when the irriga-
tion water has good quality.

4.7 Weed Management

Like any other crop, weed control is vital to successful crop production. Kenaf is
a vigorous growing plant and under optimum conditions it can form a canopy over
the row middles in as little as 5 weeks (Neil and Kurtz 1994). Once kenaf shades
the row middles low, growing weeds and grasses are shaded out and there is no
need for additional weed control.

A pre- or post-emergence herbicide can be used, or a single hoeing after germi-
nation may prove sufficient for combating weeds. If a more persistent weed problem
is present, hoeing twice may be necessary. This would be done after the kenaf is at
least 15 cm high and the weed is in the germination leaf to 2-leaf stage. Because of
kenaf’s fast growth, weeds are not much of a problem once the plant is established.

In warm climates kenaf emerges and grows so rapidly that it competes with
weeds effectively. In cooler climates and with earlier planting dates, cultivar and/
or chemical weed control measures are more important. One weed species, which
is especially competitive with kenaf, is velvetleaf, a relative of kenaf. At the
seedling stage, velvetleaf and kenaf are very similar in appearance and in rate of
growth. Fields with high populations of this weed are not recommended for kenaf
production.
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Cultural practices that are available to a producer (such as timely planting, nar-
row-row spacing, optimum fertilization, optimum plant populations, etc.) should
be used to reduce weed problems. In the absence of herbicide registration for
kenaf and particularly in cooler climates if the development of the crop is slow the
mechanical weed control should be used.

It should be noted that few herbicides are available for weed control in kenaf.
In the USA, Treflan EC, Treflan MTF, Treflan 5, Treflan TR-10, Trilin, Bueno 6,
and Fusilade 2000 are currently labeled for use in kenaf. The last two herbicides
are for post-emergence weed control, while the others are used for pre-plant weed
control (Kurtz 1994a, b).

A number of research works have been carried out in order to find out the
best pre- or post-emergence herbicides for kenaf. According to Hickman (1990)
the herbicides alachlor and metolachor may be the best solution for season long
weed control of kenaf. It is also reported (Webber 1994) that triflualim and meto-
lachlor provided excellent (>90 %) weed control for moderate weed problems in
stem yields. The herbicides cyanazine, diuron, fluometuron, lactofen, or prometryn
can be used in the safety of kenaf production (Kurtz 1996; Kurtz and Neill 1990,
1992). If registration is obtained for these herbicides, they would very effectively
control a broad spectrum of grass and broadleaf weeds.

4.8 Crop Rotation

The insertion of kenaf into the existing cropping systems has been studied in
USA, although the available information about the rotation effects of kenaf is still
limited. Because the crop host the root-knot nematodes, Meloidogyne incognita,
M. javanica, and M. arenaria crops that are sensitive to these should be avoided
to follow kenaf cultivation such as cotton and peanut (Zhang and Noe 1996;
Robinson and Cook 2001). When kenaf is rotating with a legume (like soybean)
the stunt nematode (7ylenchorhynchus spp.) that is responsible for the most soy-
bean yields losses can be reduced (Webber 1999; Webber et al. 2002; Kemble
et al. 2002). Therefore, kenaf may not be suitable for rotations with cotton and
peanut but with soybean. To reduce the incidence of nematodes in affected areas,
kenaf could be planted following maize and sorghum (Glaser and Beach 1993).
Another non-food crop that could be used as nematicide is hemp, especially when
rotated with susceptible crops such as potatoes, maize, peas, grains, and pastures
(Ronson et al. 2002; Kok et al. 1994; McPartland and Glass 2001) but as indicated
before, specific data on the subject is not available.

In China in order to reduce the nematodes populations it is proposed to rotate
kenaf with non-host nematodes crops such as groundnut, rice, maize, and ses-
ame (Yu 2004). Maize is a good rotation crop to follow kenaf in high-infested
nematodes.

In the southern areas of Europe, for example, the combination of conventional
(wheat, legumes, maize, sunflower) and new energy crop species (sweet/fiber sorghum,
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kenaf) in rotation would optimize the utilization of soil resources and fit the prevail-
ing climatic conditions (Zegada-Lizarazu and Monti 2011). In 4FCROPS European
project (www.4fcrops.eu) the following rotation systems were proposed for kenaf: (a)
sweet sorghum—cereal (wheat)—soybean—hemp (kenaf), (b) sweet sorghum—cereal
(wheat)—hemp (kenaf)—cereal (barley).

4.9 Insects and Diseases

4.9.1 Nematodes

Experience elsewhere has shown that one of the major problems associated with
the growing of kenaf is its susceptibility to root-knot nematodes (Wilson and
Summers 1966; Adenyi 1970; Adamson et al. 1974; Pate et al. 1958). Ibrahim et
al. (1982) found that kenaf was susceptible to the root-knot nematodes caused
by Meloidogyne incognita, Meloidogyne javanica, and Meloidogyne arenaria.
Nematodes are multicellular, microscopic, worm-like animals that feed mainly on
plant root systems (Lawrence 1994). Leaves on plants infested with nematodes are
yellow and fall. The infested plants are stunted and in case of a heavy infestation
the plant may eventually die.

The problem is particularly severe in light, sandy soils. Disease epidemics
probably develop relatively slowly in compacted clay soils because their texture
appears to limit the capacity of nematodes to move from plant to plant (Wood and
Angus 1976).

The problems from nematodes could be managed by a combination of crop
rotation and chemical control. Another approach is the development of nema-
tode resistant varieties. The variety SF 459 is reported as nematode resistant. It is
reported (Webber 1999) that the rotation kenaf/soybean was successful in terms of
yields but did not reduce stunt nematode populations.

4.9.2 Diseases

Kenaf is resistant to most plant diseases. One serious disease of kenaf, anthracnose,
caused by Colletotrichum hibisci, was reported in the U.S.A. in 1950. It should be
noted that the commercial used kenaf varieties (Everglades 41, Everglades 71, and
Tainung varieties) are highly resistant to anthracnose. Damping-off is a moderate
concern during seedlings stages and seed treatments are being tested and regis-
tered for use. Kenaf is also susceptible to a cotton isolate of Rhizoctonia solani.
Therefore, kenaf following cotton, or other situations of enhanced disease pressure,
may lead to severe seedling problems. According to Cook (1981), all the known
kenaf diseases are those that listed in Table 4.1.
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Table 4.1 List with kenaf diseases

E. Alexopoulou et al.

Disease name

Disease cause

Bacterial wilt

Phytophthora collar rot and wilt*
Powdery mildew

Rust?

Target spot

Anthracnose®

Botrytis disease (Gray mold)
Cercospora leaf spot
Cristulariella leaf spot®

Stem canker

Volutella brown rot
Dry root

Leaf blight

Stem root

Pseudomonas solanacearum

Phytophthora parasitica Dast. nicotianae

Leveillula taurica

Aecidium garkeanum P. Henn.

Thanatephotorus cucumeris, Pellicularia
filamentosa (Pat.)

Colletotrichum hibisci Pollacci.

Botrytis sp.

Cercospora sp.

Cristulariella pyramidalis Waterman &
Marshall

Thanatephotus cucumeris and Botryobasidium
rolfsii

Volutella sp.

Macrophomina phaseolina

Phyllosticta hibisci Peek

Diplodia hibiscina Cke. and Elb.

4Resistant varieties to these diseases have been released

4.9.3 Insects

Most insect problems with kenaf are likely to occur at seedling emergence and
seedling growth. Cut worms, leaf miners, and other chewing/sucking insects are
potential problems. However, the kenaf plant tolerates a fairly high population of
chewing and sucking insects, and since the production emphasis is biomass, the
required level of insect protection for kenaf may be much less than the most com-
mercial crops.

4.10 Harvesting and Storage

4.10.1 Harvesting

Harvesting is the key point for fiber crops because it is the step connecting pro-
duction with processing through the delivery of the material to the factory with
specific features. The characteristics of the harvested biomass are determined by
the transformation industry that must give inputs to the production. Harvest condi-
tions are influenced by factors as moisture content, dry matter losses, structure of
harvested material, and impurities (Huisman and Venturi 2003).

The most important commercial part of kenaf plant is the stalk, even if the
leaves that are rich in proteins could be useful for livestock feed its seeds could be
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used for oil production. Kenaf stems are composed of two district fibers, bark and
core, which comprises approximately 35 and 65 % of the stalk mass, respectively
(Dempsey 1975; Baldwin et al. 1996; Columbus and Fuller 1999). Bast is charac-
terized as a bark, containing long fibers, with the core being physically similar to
the balsawood, containing soft, short fibers.

The quality of the product harvested is deeply influenced by environmental fac-
tors, the varieties used, the agricultural practices which affect the thickness and the
quality of kenaf fiber: these characteristics could cause difficult during the mowing
operation and could make easy the winding around the moving parts of the harvest
machinery (Bentini et al. 1994).

There are several times and methods to harvest kenaf, depending on the produc-
tion location, the equipment availability, the processing methods, and the final use.

4.10.1.1 Harvest Time

The selection of the harvest date is very important because it has strong effects on
the biomass productivity and biomass quality. Kenaf biomass is usually harvested
after leaf fall, because, unlike traditional crops, kenaf is grown mainly for its veg-
etation stalk. The standing of the kenaf plants in the fields until the defoliation of
the stem, also allows the return of the nutrients, from the fallen leaves, back to the
soil (Fernando et al. 2004a).

In order to cover the processing needs, either the combustion or pulp produc-
tion, at the moment of the harvest, crop should have low mineral and water con-
tents. In terms of the biomass quality, the composition of the biomass changed
over the course of the growth period as nitrogen and water content decrease and
organic matter increase (Fernando et al. 2004b).

When harvesting kenaf for fiber use, moisture content and equipment avail-
ability are important considerations. Kenaf can be harvested for fiber when it is
dead, due to a killing frost or herbicides, or when it is actively growing. The dry
standing kenaf can be cut and then chopped, baled, or transported as full-length
stalks. If the kenaf drying and defoliation process is dependent on a killing frost,
the harvest date will vary according to the environmental conditions of the area,
including the time of the killing frost and the time required for the kenaf to dry.
Soil type and seasonal weather may delay harvesting and drying, especially on
high clay soils in areas that receive excessive rainfall during harvest. Actively
growing kenaf can be cut and then allowed to dry in the field. Once dried, the
kenaf can then be chopped, baled, or transported as full-length stalks. The avail-
ability of in-field harvester/separators will add to the harvesting options (Webber
et al. 2002).

One of the disadvantages of leaving the crop in the field so late in the season is
the risk of biomass yield loss (mostly tops and leaves) which occur as a result of
unfavorable weather conditions during winter. However, the low moisture content
of the harvested material in early spring is considered to compensate for the bio-
mass losses which occur during the winter (El Bassam and Huisman 2001).
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The harvesting time will also be dependent on whether the crop is grown and
the soil conditions. The soil conditions at the time of the harvest must be assessed
in order to minimize the damage caused by the weight of the harvesting machines
on the soil structure.

4.10.1.2 Harvesting Techniques

One important consideration of all harvesting and processing system is the mois-
ture content of the kenaf plant material. The moisture content of actively growing
plants at harvest is normally about 75 %. The mowing machines encounter an eas-
ier cutting process with growing, high moisture kenaf plants, but allowances must
be made in the harvesting and processing system for either drying the plant mate-
rial or handling and storing high moisture material. If dry, dead kenaf stalks are
harvested, the harvesting equipment will encounter tougher stalks with a greater
likelihood that the long, twine-like fiber strands in the bark will wrap around rotat-
ing equipment parts (Webber et al. 2002).

The kenaf harvest can be performed either with multi-phase or single-phase
procedure. In the case of multi-phase procedure a whole stalk harvester is being
used, which involves mowing, followed by windrowing and pick-up, compact-
ing and baling (forage type harvester and baling equipment). The separation takes
places in the field of the bast from the core, which involves mowing followed by
mechanical scotching and baling. In the single-phase procedure (systems which
use one machine) can be done (a) mowing and chopping; (b) mowing, chopping,
and baling; (c) mowing, chopping, and pelleting line; or (d) a sugarcane-type har-
vester can be used.

4.10.1.3 Whole Stalk Harvester

Forage type harvesting and baling system have been widely evaluated for use
in kenaf production, harvesting, and processing system. Standard forage cutting
or mower conditioner and baling equipment can be used for harvesting kenaf
as either forage crops (Webber and Bledsoe 1993). Kenaf can be bailed in both
small and large square bales and large round bales. Compressing of kenaf in bales
serves to increase the bulk density of the kenaf for storage and transportation
purpose.

According to Bentini et al. (1994), kenaf stems must be swathed before baling
in order to allow the baler to pick-up the material. If swathing is not included in
the harvesting process, the bulk and the length of kenaf stems will lead to obstruc-
tion of the pick-up unit of the baler. Swathing of kenaf is necessary for undis-
turbed pick-up of the stems by the baling machine.

To improve the drying process in the field in case of high moisture kenaf stem
harvesting it is important the windrowing operation which allow the complete
elimination of the dry leaves.
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There are a number of baling machines which produce different kind of bales
(e.g., rectangular bales, round bales, and compact rolls). The production of bales,
which have high dry matter densities, is advantageous for further handling, trans-
port and storage (El Bassam and Huisman 2001).

The USDA has developed a whole stalk harvesting system that cuts the stalks
and lays them in an orderly fashion at right angles to the row. Stalks are allowed to
dry for around 2 weeks and are then gathered by machine that picks up the stalks
and arranges them in large bundles; the bundles are transferred to the field trailers.
The tractor-dawn field trailers haul the bundles to the field margin where they are
stacked for shredding (CSRS 1988).

4.10.1.4 Separation in Field of the Bast Fiber from the Core

This harvest system derives from the technologies studied in the past for the hemp
harvest. The different phases of this kind of harvest are: stem mowing and swathing,
hacking, drying in the field, and baling only the bast fiber. The mowing-swathing
machine cuts the stems and arranges it in a longitudinal position as to the machine
feed; afterwards the hackling machines separate the bast fiber from the core.

The final phases of this harvest line are similar to the ones previously
described, with further difficulty owing to the core absence and the easiness of the
bast fiber around the rotating equipment part (Bentini et al. 1994).

Researchers at Mississippi State University (Chen et al. 1995) have patented
a machine to separate the bast and the core fibers of kenaf. This machine moves
through the field, cuts the stalks, and separates nark and core fibers in one operation.
The kenaf stalks are crushed as they enter the machine and then passed through
beaters. The short core fibers drop to the bottom of the machine and are blown into
a wagon pulled alongside. The long fibers pass out the back of the machine and fall
on the ground. The bast fibers are left to dry and then baled with a hay baler. The
core fibers are transported to a drier and dried (Chen and Pote 1994).

4.10.1.5 Chopping Line

Usually for a single-phase chopping line a forage harvester (normally used for
maize harvesting) with an adapted mower is used. In most cases the use of a
row-independent attachment allows to harvest the crops with different distances
between the rows. This kind of mower is able to cut and chop the stems; the
chopped stems are then transported by a pneumatic conveyer to a trailer.

The low matter density of the chopped biomass, about 30—40 kg m~> with a
moisture content of 20 % according to the length at which the stems are chopped
(24 cm), is the limit of this kind of harvest. This low matter density of the
chopped material necessitates a large transport and storage capacity. With this kind
of chopper is possible to harvest both the fresh biomass in autumn and the biomass
in winter, when it has low moisture content.
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This method has been used to harvest the crop. This method can be used in
colder areas where the crop is allowed to dry after being killed by frost or by des-
iccant. The chopped kenaf is stored and transported in cotton modules with the
same equipment used for harvesting cotton (Baldwin et al. 1996).

The opportunity to bale is one phase the biomass usually used to harvest
Miscanthus: this machine is a self-propelled big baler/harvester which enables
mowing, pick-up, compaction, and baling of Miscanthus in one drive. Due to the
kenaf stems characteristics it is possible to suppose that this machine is able to
harvest the kenaf biomass. The harvester combines the advantages of the single-
phase procedure with the baling line and is characterized by very low biomass
losses during the entire harvesting process (El Bassam and Huisman 2001). The
crop may also be chopped and baled with forage equipment and, if covered, can be
stored as large round or rectangular bales on field edges.

Considering kenaf as an energy crop, another product can be obtained from
its herbaceous biomass: pellets. The pellets advantage is the reduction of the bulk
density of the harvested material which consequently leads to the reductions in a
transportation and storage requirements. Pellets are easier to handle than chopped
material or bales and there is potential for the development of automatic handling
system for such pellets (El Bassam and Huisman 2001). However, the process is
very expensive and requires a lot of energy.

Different industries request kenaf stems with a length of 10 cm and more.
Forage harvesters, characterized by high efficiency and low cost; cut kenaf stems
into too short fragments. The sugarcane harvester enable to harvest while avoiding
cutting stems into short fragments (Kobayashi et al. 2003).

Sugarcane harvesters could be used unmodified or simply modified. This machin-
ery use rotating knives or circular cutting blades to sever the base of the kenaf stem
and to cut off the low fiber, high foliage, and top portion of the plants. These long
stems then pass through the equipment in an upright fashion and then are laid down
in a long windrow piles to fields-dry. Once these stalks have been field-dried on the
ground other sugarcane equipment with articulating claws can be used to pick the
kenaf stalks and place them in sugarcane wagons. This type of system can be used
to harvest both live and dead stalks. If kenaf stalks are already dry at the harvest, the
harvesting system can be reconfigured to immediately transfer the long cut stalks to
in-field wagons traveling with the harvesting equipment or existing sugarcane har-
vesters could be adapted to cut the kenaf stalks in smaller segments (e.g., 30 cm seg-
ments) prior to transferring then to in-field collection wagons (Webber et al. 2002).

There are some problems to introduce this kind of machine in our areas ascribable
to the considerable dimension and the high costs of the machine (Bentini et al. 1994).

4.11 Drying

In the production chain of the fiber crops, conservation is an important operation
in order to control the quality when the product is to be used some time after har-
vest. Many different methods are possible. The most usual method of conservation
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is drying. This can be done in the field as standing crop when delayed harvest is
possible, but also after mowing in a swath (Huisman and Venturi 2003). When
weather condition has been bad, artificial drying can also be required in order to
reach the low moisture content to avoid mold growth and losses during long stor-
age by natural or forced ventilation.

4.11.1 Moisture Content

The moisture content of the biomass material determines its stability during stor-
age. At high moisture content (>50 %), microbiological activity begins immedi-
ately. The most evident consequence of microbial activity is the loss of dry matter,
transformed by respiration into heat, water, and carbon dioxide (Kristensen 1999).

The maximum moisture content at storage will depend, as far other herba-
ceous crops, on the application of mechanical ventilation and the accepted level
of loss. Although exact data are not yet available, it can be concluded that bundles
of whole stem, loose bales, and chopped material can have higher moisture con-
tents that high density bales of chopped material and/or bales of compact rolls (El
Bassam and Huisman 2001).

4.11.2 Drying Methods

Drying involves the extraction of moisture from the product by natural ventilation
and radiation or by artificial ventilation with ambient or heated air. Different meth-
ods could be applied for the drying of kenaf to a moisture content which allow
storage of the harvested biomass in a stable manner. The different methods which
are described are: drying in the field, drying in the storage, and drying in industrial
installations.

The most cost-effective way of drying kenaf is by using the ambient air and
solar radiation to dry the material in field. Drying of the standing crops starts in
the late autumn after the crop has died (usually appointed by the first killing frost
that usually causes defoliation of the stems).

It can be seen that there is a decrease in the moisture content of the standing crop
from the late autumn to winter. It can be concluded that harvesting should take place
during the February, if there is good weather conditions, when the biomass presents
low moisture content if no additional drying process is planned. Mowing and drying
in a swath could be also used: drying in a swath is advantageous in the sense that it
will allow more homogeneous drying of the biomass (including leaves which have
fallen and are raked together in the swath). A disadvantage of this method is that
more soil or stone mineral is taken up during collection which may cause problems
in processing machinery, particularly in case of energy conservation.

The methods employed for drying in storage depend on the condition of the
harvested biomass. When the moisture content of the biomass is high, heated air is
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required to dry the biomass rapidly to a level where fungal growth will not occur.
However, when the moisture contents are close to 25 % unheated air is sufficient
to dry the biomass (El Bassam and Huisman 2001).

As far other crops (e.g., Miscanthus), the form of the harvested biomass is also
an important determinant of drying method. Whole stems can be dried from high
moisture contents as they are stored in a well-ventilated situation (even natural
ventilation). Mechanical ventilation is needed to ventilate air through high density
bales. Drying of low density biomass like chopped material is possible, with natu-
ral ventilation and low pressure mechanical ventilation.

A wide range of dryers are available for artificial drying in industrial applica-
tions. Some of these may be applicable for drying of bulky material like kenaf. These
include rotary drum, band, pneumatic, stream recompressive, and fluidized den dry-
ers. These types of dryers could be of interest if waste heat were to be used as an
energy source (El Bassam and Huisman 2001). If waste heat is used for drying kenaf,
the type, capacity, and energy input of the dryer will depend very much on the spe-
cific situation and process. No research has been carried out on this aspect on kenaf.

4.12 Storage

The preliminary objective during the storage of kenaf is the maximization of bio-
mass quality while promising costs and dry matter losses.

When the harvested kenaf biomass is relatively dry, no concrete floor is
required for storage. However, if the biomass is wet and soil traffic ability is poor,
a concrete floor is recommended. In addition, easy access for loaders and trucks is
required to allow quick and easy loading and unloading should only be carried out
when soil condition are good.

A large storage area will be required as the density of harvested kenaf biomass
is low (e.g., chopped material). It is estimated that over 420 m? is required for the
storage of every hectare of chopped kenaf biomass (assuming a biomass yield of
15 Mg/ha, with a water content of 15 %, and biomass density of 35 kg/m?).

Kenaf can be stored in open air (with or without covering) or in buildings.
When bales, whole stems or chopped feedstock are stored in very large piles in
the open without covering, rainfall will only moisten relatively small amount of
the total pile. Depending on the climate, the growth of fungi and algae will form a
hardening layer in the top section of the pile.

The covering of silage with plastic is very common in agricultural prac-
tice. It should also be possible to cover kenaf with this type of plastic. Piles of
dry chopped could be completely covered by plastic while it is only necessary
to cover the top of piles of bales (the sides can be left uncovered since rain will
not penetrate deeply). The covering of biomass pile with plastic sheeting may be
labor-intensive; however this depends on the volume of biomass and the weather
conditions. The cost of storage, therefore, depends on the price of the labor and
the anchoring measures taken, in addition to the plastic costs.
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The use of existing farm buildings for storage of kenaf will probably be
restricted to small amounts of kenaf.

4.13 Conclusions

The determination of the appropriate crop management is a key factor for the suc-
cessful insertion of the crop in the existing cropping systems with economic ben-
efits. A lot of research has been carried out worldwide in order to identify the best
crop management. The final end use of the crop is a key parameter in the crop man-
agement that will be followed (fiber production, seed production, seed and fiber
production, forage production). The selection of the appropriate variety is strongly
connected with the area of its cultivation as well as with its final end use. Recently,
new high varieties have been developed that are resistant to pests and diseases with
improved resistant to drought. In order to be obtain high yields, late-maturity varie-
ties should be cultivated if its specific climatic conditions allow that. When it is cul-
tivated for its stem the plant population should be from 200,000 to 500,000 plants
per ha and with row spacing 35-50 cm. In areas that the precipitation is limited
irrigation is needed to high yields. Kenaf has high nitrogen fertilization needs that
closely connected with the produced yields and the end use. It is a crop very sensi-
tive to nematodes, especially when it is cultivated in areas with sandy soil. This
should be taken under consideration in rotation and crops such as cotton and peanut
should be avoid, while kenaf can be cultivated after maize or sorghum. The harvest-
ing time, the harvesting method (for fiber production, for seed production, for seed
and fiber, for forage use and/or for energy production) as well as the drying and the
storage strongly depend on the final end use as well as on the cultivation site.
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Chapter 5
Environmental Aspects of Kenaf
Production and Use

A. L. Fernando

Abstract This chapter outlines the environmental aspects of kenaf production
and utilization, focusing on the impact on biotic and abiotic resources, through the
analysis of the crop’s interaction with its environment and management practices.
In this study, the assessment of data retrieved from literature was supplemented
with results obtained from the Biokenaf project. As a bioenergy and biomaterials
carrier, kenaf offers ecological advantages over fossil sources by contributing to
reduction of greenhouse gases and energy savings. Nevertheless, a negative impact
may be perceived in terms of acidifying emissions. Although the different indica-
tors did not yield a common pattern, overall results suggest that kenaf crop have
an advantage over other annual energy crop systems, namely regarding pesticides
and fertilizers inputs. However, risks associated with soil quality, erodibility, use
of resources, and biodiversity are equivalent to most annual energy crops. Crop
management options can influence the outcomes, but site specific factors should
be accurately assessed to evaluate the adequacy between crop and location.
In addition, environmental hot spots in the systems are detected and options for
improvement are presented.
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status * Ozone depletion ¢ Pesticide emissions * Photochemical ozone creation
potential  (POCP) e Phytodepuration ¢ Phytoremediation ° Salinity  tolerance
* SO, emissions ® Soil pH ¢ Soil  quality ® Soil  salinity * Summer
smog ° Surplus land ¢ Sustainability « Waste generation ¢ Waste production
* Waste utilization * Water consumption * Water quality ® Water requirements
» Water resources * Water use

5.1 Introduction

Relationships between the environment and energy crops are varied and complex.
It is generally considered that the production and use of biomass crops have more
beneficial than harmful effects on the environment. However, the outcomes can
significantly be influenced by site-specific factors and by management options.
This chapter outlines the environmental aspects of kenaf production and utiliza-
tion, focusing on the impact on biotic and abiotic resources, through the analysis
of the crop’s interaction with its environment and management practices. The fol-
lowing variables were selected as categories: replacement/conservation of fos-
sil energy sources, emission of greenhouse gases and acidifying gases, effects
on the quality of soil and water, use of resources, waste generation and utilization,
biodiversity, and landscape. In this study, the assessment of data retrieved from
literature was supplemented with results obtained from the Biokenaf project.
In addition, through an integrated approach, minimization of environmental hot spots
in the systems and options for improvement are indicated, in order to provide new
insights for the future development of this crop in a sustainable agriculture context.

5.2 Replacement/Conservation of Fossil Energy Sources

The use of kenaf for energy or for biomaterials production may contribute to
replace or conserve fossil fuels. In each application, the evaluation of the energy
budget of the cellulosic kenaf fiber production and use requires comparison with
competing synthetic or mineral products. The quantification of this energetic
budget has to be evaluated from the production of raw materials to the manufac-
ture of the end-product, following the “cradle to grave” approach. The whole life
cycle of the products: the cultivation of the plants, production and transportation,
the utilization, and the disposal, has to be assessed. Several factors may affect the
amount of fossil energy sources replaced/conserved, such as the crop management
and biomass yield (which is highly dependent on geographical location), the con-
version technologies and its use for bioenergy, biofuels or bioproducts (Biewinga
and van der Bijl 1996; Rettenmaier et al. 2010b).

Searching the literature on fiber crops, only limited quantitative information is
available on comparative life-cycle energy assessment. Webber (1993) indicates
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that kenaf requires less energy and chemicals to process as pulp for paper than
wood fibers. Cherubini et al. (2009) reported the fossil energy savings for electric-
ity and heat generation from combustion of kenaf. According to these authors, the
use of kenaf for electricity and cogeneration saves 85—180 GlJ/ha/year, lower than
if used for heating generation only (160-295 Gl/ha/year). Results presented for
kenaf are similar to those reported for wood chips and wood pellets, hemp and
cardoon, but lower than those reported for Miscanthus, switchgrass, giant reed
and fiber, and sweet sorghum, by means of the same energy generating technol-
ogies (Cherubini et al. 2009). The same study reports that electricity generation
from kenaf may achieve larger reductions of fossil energy consumption per unit
of land area, or at least comparable, than transportation biofuels or biogas. Venturi
and Monti (2005) also reported the net energy (energy output minus energy input)
associated with the thermochemical conversion of several annual and perennial
energy crops. Kenaf ranged 130-313 GJ/ha, in between the lower results stated
for hemp and cardoon and the higher results listed for sweet and fiber sorghum,
Miscanthus, switchgrass, reed canary grass and giant reed, among others, showing
equivalent outcomes to the work of Cherubini et al. (2009).

Ardente et al. (2008) in their work defined the energy profile of a kenaf-fiber
insulation board, from kenaf production and board manufacture by an Italian firm,
to use and for disposal. Results show that the Global Energy Requirements (GER)
is 59 MIJpjim/mass (kg) of insulating board which involves a thermal resistance
R of 1 (m? K/W)—the functional unit (f.u.), but this value can be reduced to 17
MIJpiim When incineration with energy recovery is assumed as a disposal option of
the board and biomass residues at the end-life. A further reduction can be obtained
with the introduction of recycled polyester materials into the manufacture pro-
cess or with the local production of kenaf plants. According to the same study, an
energy saving of about 2481 MIpyi/f.u. is estimated during the building operating
time, fixed in 30 years. This saving is largely higher than the global energy con-
sumption related to the board life cycle. Kenaf board have been compared with the
performances of various replaceable products, as polyurethane (58 MIJpyip), flax
rolls (50 MJprim), glass wool (47 MIprim), paper wool (26 MJpip), mineral wool
(25 MIJpyim), and stone wool (21 MJpin) (Ardente et al. 2008). Such a compari-
son showed that the kenaf fiber-based products become widely the less impacting
ones if board and the biomass residues are incinerated. The synthetic polyurethane
foam has the largest impacts in terms of consumed energy due to the large use of
fossil fuels during the production process.

In the work of Fernando et al. (2008), based on the Biokenaf pilot fields results
obtained in Portugal, the utilization of biomass from kenaf plants to produce solid
fuel as well as thermal insulation materials weres analyzed. Main focus of this
investigation was the comparison of the products with their conventional counter-
parts (synthetic polyurethane foam and fossil fuel). Detailed consideration of the
energy balances suggests that the use of kenaf-fibers for the production of energy
(167 GJ/ha of net avoided fossil energy), is favored when compared with its use as
an insulation board (102 GJ/ha of net avoided fossil energy). But, if we take into
consideration the energy saving (11506 Glossii per ha) in the building operation
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time (fixed in 30 years) then the energy benefits related to the employment of
kenaf boards are higher than its use as solid fuel. Results also show that the use
of kenaf natural fibers in insulation boards involves a significant reduction of the
fossil energy inputs (178 Gliogsii per ha) when compared to the employment of
synthetic insulating materials (synthetic polyurethane foam, 361 Glgyssii per ha).
This is in line with the comparative study cited by van Dam and Bos (2004), on
the environmental implications of polypropylene (PP), high density polyethylene
(HDPE), and polyurethane (PU) as substitutes for natural fiber-based products.
Their conclusion was that natural fiber production requires less than 10 % of the
energy used for production of PP fibers (ca 90 GJ/ton) and ca 15 % when the use
of fertilizer was included. Rettenmaier et al. (2010a) and Pervaiz and Sain (2003)
also reported that biomaterials from fiber crops (e.g., hemp and flax) are superior
to their fossil or conventional equivalents in terms of energy savings. In the study
of Pervaiz and Sain (2003), a 60 % net energy savings was stated by using 65 %
natural fibers (hemp) instead of 30 % glass fibers in thermoplastic matrix.

A further and deeper study, also based on the Biokenaf pilot fields results
obtained in Portugal, intended to evaluate the energy balance of cultivation and
use of kenaf in the production of integrated thermal insulation boards based on life
cycle analysis (Correia 2011). Several scenarios were considered in this study. Two
hypotheses were tested in the production of insulation boards: (a) fully bark kenaf
fiber-based (b) incorporation of polyester into bark kenaf fiber. As the core fiber
has a very high heat capacity, which can be economically tapped for energy pro-
duction, two solutions were also studied: (1) the core fiber is used by the board
producer in a small thermal power plant, in order to generate energy inside the
industrial unit, (2) the core fiber is channeled into the production of pellets, which
are marketed to be burned in home systems. Scenarios studied mixed the several
hypotheses: Scenario I: a.1; Scenario II; a.2; Scenario III: b.1, and Scenario IV: b.2.
The results showed that the energy efficiency is greater than unity and the energy
balance is positive in all scenarios (Scenario I: 76 GJ/ha; Scenario II: 80 GJl/ha;
Scenario III: 44 GJ/ha; Scenario IV: 47 GJ/ha). The most advantageous scenario, in
terms of energy budget, was the one in which no polyester is incorporated into the
insulation board and where the core fiber residue is conducted into the production
of pellets (Scenario II). In terms of energy efficiency, Scenario I, where waste is
burnt in a small central unit located in the boards manufacturing unit, was the most
promising. In this scenario, the total energy consumption is the lowest, although in
terms of energy production, pellets are more productive due to the higher efficiency
of the boiler. The incorporation of recycled polyester into the panel is a disadvan-
tage because its production has a high energy cost (Scenarios III and IV).

According to some study (Correia 2011), the energy needed for production,
transport, and conversion of kenaf into energy and insulation panels were analyzed
in detail for the different Scenarios. Results showed that irrigation (for all scenar-
ios), the production of pellets (in sets II and IV), and production of polyester (in
scenarios III and IV) are the factors that most contribute to energy consumption.
In the sensitivity analysis, Correia (2011) studied the influence of some variables
on energy efficiency. Lowering the level of nitrogen and the level of irrigation, at
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the cultivation phase, increases the energy efficiency, despite the yields reduction
observed with lower addition of water (Fernando et al. 2008). Delaying the harvest
from October to December reduces the energy efficiency, but not significantly. The
reduction of the transport distance, the improvement of the thermal efficiency of
power generating units and the possibility of energy recovery associated with insu-
lated panels in the end of its life cycle can positively affect the efficiency of the
system (most significantly the energy recovery) (Correia 2011).

Yields can also affect significantly the energy efficiency and the energy
balances (Correia 2011). The higher the yield of the crop, the higher is the
energy efficiency of the system and the amount of fossil energy saved. In the
Mediterranean region, geographical position has significant impact on yield: in
the framework of the Biokenaf project, highest yields were obtained in Spain and
the lowest ones in Portugal (Alexopoulou et al. 2009). Crop management factors
can also influence the yields, and thus the energy efficiency and balance. Higher
yields were recorded when the sowing date is between end April to middle May,
when plant density is high (20-40 plants/m?), when the cultivated variety is late-
maturity and when water for irrigation was available (300400 mm of water)
(Alexopoulou et al. 2009). Alexopoulou et al. (2009) also indicate that the nitrogen
fertilization did not play an important role in the biomass yields, but results were
related to 3 years experiments only. Extending the field experiments to a longer
time may result in different conclusions. As the degree of mechanization of the
various cultivation systems may also differ strongly in the Mediterranean region,
the input energy can diverge substantially.

5.3 Emission of Gases

Shifting society’s dependence away from fossil to renewable biomass resources,
e.g., energy crops, is generally viewed as an important contributor to provide an
effective management of GHG emissions (Ragauskas et al. 2006), once this sub-
stitution results in significant avoided emissions (such as been seen in the works of
Rettenmaier et al. 2010a, b).

Biomass use for energy generation is considered “carbon neutral” over its life
cycle as all carbon emitted by direct or indirect combustion of biomass has been
captured from the atmosphere and has been photosynthetically transformed into bio-
matter (El Bassam 2010; Spiertz and Ewert 2009) using solar radiation, water, and
external inputs (e.g., fertilizer, pesticides, machinery, fuel for farm vehicles, etc.).
But, the balance of energy production from biomass is not exactly zero, since a por-
tion of CO; (a relevant GHG) is emitted during the cycle of biomass production
and use: external fossil fuel inputs are required to cultivate and harvest the feed-
stocks, in transport, and in processing and handling the biomass for energy produc-
tion (OECD/IEA 2007, Atkinson 2009; Spiertz and Ewert 2009 and Picco 2010).
The amount of avoided GHG emissions, is then dependent on yields, crop manage-
ment options, and the conversion technologies (Biewinga and van der Bijl 1996;
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Rettenmaier et al. 2010b). End use, for bioenergy or for biomaterials, can also dif-
ferentiate GHG life cycle results.

Other gases can also contribute to the greenhouse effect such as NoO and CHy
(FMW 2007), which can be quantified in terms of CO; equivalents.

Methane is released in bioenergy process chain through combustion of fos-
sil fuels, anaerobic decomposition of organic feedstocks, and emissions from
soil organic matter (Cherubini et al. 2009). Regarding the production and use of
energy crops, CH4 emissions are usually considered as negligible (Kaltshmitt et al.
1996; Delucchi and Lipman 2003), if the land use change is not being considered.
In general, cultivated soils show lower CHy4 uptake rates than soils under native
conditions (Mosier et al. 1998). This fact may play an important role if tropical
peat soils are involved: they represent a large storage of carbon and small losses
may have a big influence on GHG balances (Cherubini et al. 2009).

N>O emissions are attributed to the nitrification and denitrification processes
occurring during crop cultivation (Biewinga and van der Bijl 1996), evolving from
nitrogen fertilizer application and organic matter decomposition in soil (Stehfest
and Bouwman 2006). N,O emissions occur also during conversion processes to
bioenergy or biomaterials, but are very much dependent on the technique used
and may be neglected (Biewinga and van der Bijl 1996). According to IPCC
(2006), N>O emissions can be calculated based on the nitrogen fertilization level,
estimating emissions derived from the NHj3 volatilization, the NH4/NO3 leaching
and run-off, and directly from soil. As annual energy crops present higher fertiliza-
tion rates than perennial energy crops (Zegada-Lizarazu et al. 2010), the impacts
of N>O emissions associated with may be especially significant. But, regarding
kenaf, low nitrogen requirements are attributed to this fiber crop (50-100 kg N/
ha, Alexopoulou et al. 2009), equivalent to those reported for perennial lignocel-
lulosic crops, such as Miscanthus, switchgrass, and giant reed (Fernando et al.
2010b). If IPCC factors are applied, the range of N>O emissions derived from its
cultivation is 0.7-1.3 kg N/ha/year, a result considered low, thus not representing
a major threat on accounting GHG avoided emissions (1.5-3 % of the GHG sav-
ings presented by Cherubini et al. 2009). However, N»O is also an ozone-depleting
gas, and its emission represents a negative aspect associated with the cultivation of
energy crops (Oliveira et al. 2001).

The quantity of avoided greenhouse gas emissions resulting from the combus-
tion of kenaf was studied by Cherubini et al. (2009), together with other renew-
able and fossil systems. According to these authors, the use of kenaf for electricity
and cogeneration saves 1-20 Mgco2-eq savea/ha/year, lower than if used for heating
generation only (10-33 Mgco2-eq saved/ha/year). The study claims that energy gen-
eration from kenaf biomass may achieve larger reductions of GHG per unit of land
area, particularly compared to some first-generation biofuels and wood chips and
wood pellets. Kenaf results were similar to those reported for hemp and cardoon,
but lower than those presented for Miscanthus, switchgrass, giant reed and fiber,
and sweet sorghum (Cherubini et al. 2009).

The high energy demanding building sector and the long useful life of build-
ings involve a relevant share in the EU energy balance and in the CO;, emissions
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scenario (Directive 2003/87/CE ). The use of thermal insulation materials in build-
ing walls and roofs is a relevant tool to improve energy performance, by reduc-
ing the resources consumption and the associated environmental burdens arising
from the combustion of fossil fuels. Furthermore, the use of thermal insulating
materials reduces the heat losses from buildings, involving considerable energy
and costs savings for air conditioning and heating during the building lifetime.
Innovative building biomaterials, based on biological resources such as kenaf,
involves several environmental benefits during the whole life cycle, namely, reduc-
tion of resource consumption, energy saving, and less environmental impacts and
recovery, re-use and recycling of the products before the final disposal. According
to Ardente et al. (2008), kenaf-fiber insulation board, from kenaf production and
board manufacture by an Italian firm, represents a Global Warming Potential
(GWP) of 3.17 kg COy ¢4/mass (kg) of insulating board which involves a ther-
mal resistance R of 1 (m? K/W)—the functional unit (f.u.). The highest share in
the lifecycle phases to the total GHG emission is caused by the manufacture of
input materials and, in particular, of the polyester fibers, which account for about
39 % of the total. Transports account for 23 %, while the final disposal accounts
for 25 % of the total GHG emission, because of the combustion of the polyester
fibers (Ardente et al. 2008). The GWP can be reduced to 0.36 kg CO; q when
incineration with energy recovery is assumed as a disposal option of the board
and biomass residues at the end-life. A further reduction can be obtained with
the employment of recycled polyester fibers or with the local production of kenaf
plants. The avoided C emissions in the overall life cycle of about 135 kgCO3 o/
f.u. was estimated during the building operating time, fixed in 30 years. This sav-
ing is largely higher than the GWP related to the board life cycle. A comparison
with the performances of various replaceable products, as polyurethane (3.2 kg
CO; ¢q), flax rolls (2.4 kg CO3 q), glass wool (2.2 kg CO2 ¢q), mineral wool
(1.7 kg COz &), stone wool (1.5 kg CO3 ¢g), and paper wool (0.82 kg CO3 ),
showed that the kenaf fiber-based products become widely the less impacting ones
if board and the biomass residues are incinerated (Ardente et al. 2008). Pervaiz
and Sain (2003); Rettenmaier et al. (2010a) and others, also claim that natural fib-
ers have excellent potential to reduce not only CO, emissions but also save non-
renewable resources (e.g., by substituting glass fiber reinforcements in automobile
thermoplastics).

Fernando et al. (2009) quantified the magnitude of greenhouse gas emission
reductions possible from utilizing kenaf-fibers as a source of electricity and heat
(when used as a solid fuel in a combined Heat and Power Plant) or as thermal
insulation boards (as a fiber reinforced composite made by kenaf vegetable fib-
ers which are incorporated in a polyester matrix). Based on the Biokenaf pilot
fields results obtained in Portugal, the study indicates that the use of kenaf-fibers
as solid fuel (8.4 Mgco2-eq saved/ha/year), is favored when compared with its use
as a thermal insulation board (4.3 Mgco2-eq saved/ha/year). As solid fuel, the high-
est impact in CO; emissions is due to the drying of plants prior to its use in the
combined heat and power plant. As a thermal insulation board the highest impact
in CO; emissions derive from the introduction of polyester fibers as filler of the
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kenaf insulation board. The drying of residues in the use and disposal of the kenaf
board also represents a high impact. According to Fernando et al. (2009), modifi-
cation of the production process by employing recycled polyester fibers (residues
from textile companies, for example) can decrease the total CO, emissions for the
production of this raw material by 40 %, and the net avoided GHG emissions can
increase by a significant 130 % (reaching 9.9 Mgco2-eq savea/ha/year). The same
study indicates that if plants and residues are left in the field until moisture content
is about 40 %, the net avoided emissions can increase by nearly 90 % (reaching
8.0 Mgco2-eq saved’ha/year), if kenaf will be used as insulation mat, and by 60 %
(reaching 13.4 Mgco2-eq saved/ha/year), if kenaf will be used as solid fuel. The inci-
dences of yields and irrigation on the eco-profile have also been evaluated. Net
avoided emissions were relatively insensitive to variation in irrigation (avoided
emissions increase by ~10 %, when fields are not irrigated), but highly sensitive
to stem yields (extra 0.5-0.7 Mgcoz-¢q per Mg of yield increase, can be avoided,
which represent ~10 % increment, for each extra Mg biomass production)
(Fernando et al. 2009). The use of kenaf natural fibers in insulation boards also
involves a significant reduction of the GWP when compared to the employment of
synthetic insulating materials (PUR): nearly 30 Mgcoz-eg/ha/year can be avoided.
Fernando et al. (2009) also indicated that the avoided emissions (825 Mgcoz-eq
saved per ha) in the building operation time (fixed in 30 years), by reducing the
resources consumption and the associated environmental burdens arising from the
combustion of fossil fuels, benefits kenaf boards versus kenaf solid fuel.

The emission of acidifying gases leads to several harmful effects such as
eutrophication, decreased tree vitality, dissolution of metals (e.g., aluminum), and
declines in fish populations in lakes. In general major acidifying substances are
NH3, SOy, and NOy, and the acidification potential is measured in SO, equiva-
lents. Other substances such as HCI and HF play a role as well but are of minor
importance (Biewinga and van der Bijl 1996).

Concerning energy crops, the acidification potential is essentially determined
by NOy and SO; emissions released during the combustion of the biomass mate-
rial. Acidifying emissions can take place at several other phases in the produc-
tion and conversion of energy crops such as the production of nitrogen fertilizers,
which is a source of NOy and NH3 emissions, and most of these emissions are
linked to the energy use. From conversion of energy crops HCI emissions can
occur; however, with simple techniques HCI can be removed from exhaust gases
easily (Biewinga and van der Bijl 1996).

SO; emissions form a smaller proportion of the total acidification potential of
energy crops than NOy emissions, partly due to the low sulfur content of energy
crops compared to fossil fuels (Oliveira et al. 2001). On the other end, energy
crops can emit higher levels of NOx, since nitrogen is a main constituent of bio-
mass (Biewinga and van der Bijl 1996). An overview of the chemical composi-
tion of different grasses shows that kenaf sulfur content is 0.15 % (dry ash-free
basis), similar to perennials such as Miscanthus, Arundo and reed canary grass,
a little bit higher than the value reported for switchgrass (0.11 %), but much
lower than what is commonly reported for coal (1.7 %) (Vassilev et al. 2010).
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The same study indicates that the nitrogen content of kenaf grass is 1.0 % (dry
ash-free basis), comparable to the average results for different grasses (0.9 %),
yet higher than perennials Miscanthus (0.4 %), Arundo and switchgrass (0.7 %)
results, but smaller than that of coal (1.3 %). The chlorine content of kenaf grass
is 0.17 % (dry basis), in between the higher results of Arundo (0.2 %) and the
lower results of Miscanthus (0.13 %), but much higher than coal results (0.03 %)
(Vassilev et al. 2010). According to these results, acidifying emissions due to
combustion of kenaf, can be equivalent to those obtained with perennials such as
Arundo, Miscanthus, and switchgrass (even if final results can be a bit higher).
Nevertheless, the intensive management associated with an annual crop, such as
kenaf, increments the acidifying emissions associated with its cultivation by com-
parison with perennials.

The acidification potential through the substitution of fossil sources with bio-
mass for energy and biomaterials production depends not only on the crop, but
also, on the conversion technology, the method of biomass cultivation and the fos-
sil source which is substituted (Kaltschmitt et al. 1996; Rettenmaier et al. 2010b).
Globally, the acidifying emissions resulting from the production and use of energy
crops have a negative impact because they are higher than those of the correspond-
ing uses obtained from fossil sources (Rettenmaier et al. 2010b).

The acidification potential associated with the production and use of kenaf as a
thermo-insulating board biomaterial was studied by Ardente et al. (2008), together
with other renewable and non-renewable systems. Production of kenaf-fiber insu-
lation board represents an Acidification Potential (AP) of 27.4 g SO ¢q/mass
(kg) of insulating board which involves a thermal resistance R of 1 (m2 K/W)—
the functional unit (f.u.). The life cycle inventory results per f.u. shows that NOy
emissions represent the highest proportion of the acidifying emissions (17.2 g),
followed by SOy (14.6 g). Ammonia (0.33 g), HCI (0.13 g), and HF (0.004 g) rep-
resent a minor influence on the acidification potential. A comparison with the per-
formances of various replaceable products, as polyurethane (27.9 g SO; ¢q), flax
rolls (17 g SOz ¢q), stone wool (12.3 g SO, ¢q), glass wool (8.4 g SOz ¢q), paper
wool (5.5 g SOz ¢g), and mineral wool (4.9 g SO ¢), showed that the kenaf fiber-
based products (with polyurethane) are the highest impacting ones (Ardente et al.
2008). The negative impact of acidifying emissions associated with the use of fiber
crops for the production of insulation mats was also reported by Rettenmaier et al.
(2010a) with hemp and flax, by comparison with other biomaterials produced from
fiber crops such as fiber composites, which presented a positive impact.

Production and use of energy crops may also contribute to the depletion of the
ozone layer (measured as CFC-11 equivalent) and to summer smog (measured
as CoHy equivalent). According to Rettenmaier et al. (2010a, b), production and
use of fiber crops (hemp and flax) for biomaterials (fiber composites and insula-
tion mats) is inconclusively related to summer smog. In the work of Ardente et al.
(2008), the production of kenaf-fiber insulation board represents a photochemi-
cal ozone creation potential (POCO) of 2.2 g CoHy ¢q./f.u. This negative result is
exceeded by the replaceable products stone wool (4.6 g CoHy ¢q.), mineral wool
(3.7 g CaHy oq.), and glass wool (2.5 g CoHy ¢q), but alleviated in the case of
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polyurethane (1.4 g CoHy ¢q.), flax rolls (0.5 g CoHy oq.) and paper wool (0.2 g
C2Hy ¢q.). The ozone depletion potential (ODP) associated with the production of
kenaf-fiber insulation board was considered negligible by Ardente et al. (2008), in
contrast with the negative impact results reported by Rettenmaier et al. (2010a, b)
associated with the production of fiber crops (hemp and flax) for biomaterials
(fiber composites and insulation mats).

5.4 Effects on the Quality of Soil and Water

The production of biomass can be relatively land-intensive and therefore presents
a risk of soil and groundwater pollution with fertilizers (N, P, K) and pesticides.
Common cropping management activities and crop characteristics can also affect
soil quality through the change of nutrient, organic matter (SOM), structural and
acidic statuses, and erosion potentials. But the cultivation of energy crops, espe-
cially perennials, may also present benefits toward soil quality (erodibility, com-
paction, fertility, carbon sequestration) (Fernando et al. 2010c; Boléo 2011).

Kenaf crop present agronomical features of considerable environmental effects,
such as: the possibility to use extensive techniques with modest use of technical
means (e.g., fertilizers and pesticides) (Alexopoulou et al. 2009) and therefore, with
positive economic and environmental feedback (lower losses by leaching and atmos-
pheric emissions): kenaf N inputs (50-100 kg/ha/year) (Alexopoulou et al. 2009)
represents less than half of that used traditionally for the production of corn (200—
300 kg/ha) (Picco 2010). The N inputs, and the corresponding N losses related, are
comparable to perennials, such as Miscanthus, switchgrass, and giant reed, and to
the needs of the fiber crop flax and the oil crop sunflower, and lower than those asso-
ciated with the perennial cardoon, sugar crops like sugar beet and sweet sorghum,
and oil crops like rapeseed and Ethiopian mustard (Fernando et al. 2010a).

According to IPCC (2006), most of the N applied to kenaf fields can be lost by
leaching/runoff (15-30 kg/ha/year), 10 % can be lost by volatilization (5-10 kg/
ha/year) and N>O emissions are a negligible part of the N emissions (0.6—1.2 kg/
ha/year). Nonetheless, IPCC emission factors do not take into account root and
rhizome dynamics and N runoff and leaching can be lower due to the root sys-
tem characteristics. Several works on kenaf (Fernando et al. 2011, 2012) suggest
that ammonium and nitrate leaching are easily trapped and filtered by the under-
ground root system. In these studies, kenaf cropping has been linked with waste-
waters treatment. Fernando et al. (2011) and Barbosa (2010), shows a 70-100 %
removal of ammonium ion in the leaching water and the works of Fernando et al.
(2012) and Ferreira (2011) indicate that the system biomass-soil contributes to the
removal of nitrates from wastewater—80 to 100 % at the stages of plants major
development and average 35 % at the end of plants growth. The work of Abe
and Ozaki (2007) also shows the ability of kenaf to remove nitrogen and phos-
phorus from wastewaters in constructed wetlands systems. Phytodepuration with
kenaf crop can also contribute to lowering the water resources consumption and to
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improve the water quality. The nutrients can be recycled and any possible health
concerns from viral and bacterial infections are avoided as the crop is not part of
the food chain (OECD/IEA 2007).

Based on the Biokenaf pilot fields results obtained in Portugal (Fernando et al.
2006), the difference between N-input (fertilizers) and N-output (emissions and crop
uptake) was estimated, and the small but negative result of —12 kg/ha/year (N) was
obtained. This means that in these conditions, soil N reserves can become depleted,
but such was not observed (Fernando et al. 2007). These results are better than the
average N deficit (—43 kg/ha/year, N) observed for the cultivation of 15 energy
crops in Europe, better than the results reported for hemp (—17 kg/ha/year, N), but
worse than those reported for flax (+5 kg/ha/year, N) (Fernando et al. 2010b).

Concerning P and K emissions, while P surplus from artificial fertilizer remains
relatively inert in the soil, provoking no noteworthy effects, K surplus may con-
tribute to eutrophication of terrestrial ecosystems. Based on the Biokenaf pilot
fields results obtained in Portugal (Fernando et al. 2006), the difference between P
and K-input (fertilizers) and P and K-output (crop uptake) was estimated, and the
negative results of —22 kg/ha/year (P) and —380 kg/ha/year (K) were obtained.
This means that in these conditions, soil P and K reserves may result depleted.
These P and K results present a higher negative impact than the average P surplus
(+15 kg/ha/year, P) and K deficit (—42 kg/ha/year, K) observed for the cultivation
of 15 energy crops in Europe. A comparison with the results reported for hemp
(+12 kg/halyear, P; —30 kg/ha/year, K) and flax (46 kg/ha/year, P; 437 kg/ha/
year, K), also shows that kenaf presents a worse result (Fernando et al. 2010b).

Regarding the P and K deficit observed in the kenaf fields in Portugal, it is pos-
sible to influence the outcomes by increasing P and K input, thus reducing the
impact associated. This indicates that site-specific factors should be accurately
assessed to evaluate the adequacy between crop, location, and crop management.
Nevertheless, neither P nor K soil depletion was observed in the experimental
fields in Portugal during the 4 years of the Biokenaf project (Fernando et al. 2007).

There are few studies that report the eutrophication potential of production of
kenaf crop for energy and biomaterials. In the work of Ardente et al. (2008), the
production of kenaf-fiber insulation board represents an eutrophication potential of
24 ¢ PO43_eq,/f.u. This negative result is only exceeded by the replaceable prod-
uct polyurethane (2.94 g PO43_eq_). All other products (renewable and non-renew-
able), present better results than kenaf (glass wool, 1.3 g PO~ eq.» flax rolls,
122 ¢ PO,3~ eq.» Stone wool, 1.16 g PO,3~ eq.» mineral wool, 0.8 g PO3~ eq.. and
paper wool, 0.7 g PO43~ eq.). Eutrophication negative impact results associated
with the production of fiber crops (hemp and flax) for biomaterials (fiber compos-
ites and insulation mats) were also reported by Rettenmaier et al. (2010a). In this
study, it was also concluded that, in terms of eutrophication, production of fiber
composites presented a better profile than insulation mats.

Regarding pesticide use, kenaf seems to have a low susceptibility to pests
and diseases and thus has low pesticide requirements (van Dam and Bos 2004;
Singh et al. 2010), reducing the risk of groundwater contamination and con-
sequent risks to water and soil organisms. A survey on the substances applied,
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their amounts, and traits were carried out by an extensive bibliographic research
in peer-reviewed journals, scientific reports, agricultural databases, and own field
experience. Multiple references often document for kenaf the application of dif-
ferent pesticides with similar functions, or the application of the same pesticide
in different quantities, or the needlessness of pesticide use. Based on the meth-
odology applied in the work of Fernando et al. (2010c), a pesticide score was
determined for kenaf resulting from pesticide application. This pesticide score
was attained through the quantification of active substances applied, and a survey
on physical specifications, effects on the environment, fauna, and human health
of each active substance. Results obtained ranged from 0 (no disease control and/
or chemical weeding) to 8, with an average result of 4. This indicates that kenaf
present a low pesticide impact, reflecting its low susceptibility to pests and dis-
eases. The pesticide score associated with the production of kenaf is comparable
to the score reported for flax (6) but higher than what was reported for hemp (0,
because no pesticide application is mentioned in hemp fields in Europe) (Fernando
et al. 2010b). This score is also much lower than the average pesticide score (12)
reported for the cultivation of 15 energy crops in Europe (Fernando et al. 2010b).
Energy crops that present a higher score than kenaf are sunflower (18), sugar beet
(41), wheat (17), and potato (74) (Fernando et al. 2010b). However, the estimated
pesticide risk depends on the intensity level of pest control practices. This implies
that, kenaf may have low impacts to moderate if managed in that manner.

Common cropping management activities such as harvest and site prepara-
tion and the sheer prevalence of certain species can affect soil structure, pH, and
organic matter dynamics. These factors interact with, influencing nutrient avail-
ability, thus soil fertility. Assessing the impact of crops on soil organic matter con-
tent, structure and pH is highly dependent on local conditions. Nonetheless, there
are generic trends documented in literature that allow a qualitative assessment of
the kenaf crop.

Soil revolving by tillage and ploughing and litter removal are more intensive
in annual systems (Fragoso et al. 1997). Thus, annual crops are more likely to
induce soil quality depletion through loss of organic matter and structure than per-
ennial grasses and trees (Borjesson 1999; Zan et al. 2001). The short permanence
of annuals is also a contributing factor to the soil quality depletion. Regarding
kenaf, this impact is minor due to the prolific root system with a long taproot and
wide-ranging lateral roots (Lauriault and Puppala 2009), which improve structure
and, being left in the ground after harvest, enhance organic matter content. If litter
(mostly senescent leafs) is left on field, the negative impact associated can also be
minored. This was supported by Fernando et al. (2007). In their work, they veri-
fied that the presence of the crop in the Biokenaf fields experiments, did not affect
the soil organic matter. Some other annual energy crops present the same benefits
(Fernando et al. 2010b): Rapeseed, Ethiopian mustard, and flax benefit from roots
and part of the stem left on the ground. Hemp and sweet sorghum have deep roots
that improve structure and enhance organic matter content, if left in the ground
after harvest. The same happens with sunflower, although with less extent because
of bigger spacing and smaller roots.
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Regarding soil pH, intensive soil amendment in annual systems may lead to
sharp pH variations from the native status of the soil. Regarding Biokenaf field
experiments in Portugal, it was reported as a significant reduction in pH, played by
soil amendment, due to the high alkalinity of the soil (8.6), at the beginning of the
experiments. Nonetheless, kenaf cultivation data indicated negligible fluctuations
in pH along the time (Fernando et al. 2007).

The use of annual crops in soils at risk of erosion may contribute significantly
to the soil loss and its associated nutrients (Picco 2010). Considering that soil ero-
sion is a particular problem in the Mediterranean region, which is characterized by
long drought periods followed by heavy bursts of rainfall falling on steep slopes
with unstable soils (EEA 2006), choice of a crop is also important to reduce ero-
sion risks.

The erosion risk associated with kenaf crop can be assessed by means of the
methodology applied in the work of Fernando et al. (2010c). In this erosion impact
analysis it was only considered as the exposure of the soil to rainfall, crossing the
potential damage caused by pluviosity with the soil cover characteristics of kenaf
during their cultivation cycle. Being site-specific, naturally owing to the weight
of pluviosity, in the Mediterranean, the estimated harmful rainfall associated with
kenaf was 389 mm/year, comparable to flax and hemp. Lignocellulosic and woody
crops, and fallow field, exhibit average lower erodibility potential (100-200 mm/
year, Boléo 2011) owing to greater interception of rainfall and more surface cover
for a longer time period (Kort et al. 1998). The continuous presence of an under-
ground biomass in the soil also contributes to these findings. Ethiopian mustard,
rape seed, and sugar beet, also showed lower impact (<300 mm/year, Boléo 2011),
owing to the fact that these are cultivated as a winter crops, and its permanence
in the soil is very long. In contrast, potato, sunflower, and sweet sorghum (annual
crops) pose higher erosion risk (>400 mm/year, Boléo 2011) than kenaf. But,
kenaf may have a positive impact on reducing soil erosion due to the develop-
ment of its dense and deep root systems (Lauriault e Puppala 2009), which could
actively hold earthy masses during the rainier autumn and winter periods. Crop
management options can also have a big impact on the erosion potential of this
crop. Delaying the harvest, can minimize it, but the use of heavy machinery for
activities such as ploughing, spreading of organic manure, and harvesting, may
enhance it, due to soil compaction, as it has been observed with sugar beet and
potato, since they have a high harvesting weight that requires the use of heavy
machinery (EEA 2006; FAO 2003).

5.5 Use of Resources

Kenaf has shown good potential as a low input alternative agricultural crop
(Alexopoulou et al. 2009). The N fertilizer requirements of this crop are low by
comparison with other energy crops, as mentioned in the previous sections.
Since synthesis of nitrogen fertilizers are energy demanding, the low kenaf N
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requirements, equivalent to those reported for perennial lignocellulosic crops
(Fernando et al. 2010b), consequently represent low energy input needs associated
with. Regarding P and K fertilizers they are usually extracted from mineral ores,
which are limited. Hence, lower P and K requirements implicate ore conservation
and energy savings to mine them. Average P and K fertilizer inputs, expressed as
Keq, for the cultivation of kenaf in Europe were quantified and compared with the
P and K fertilizer inputs of other energy crops reported in Fernando et al. (2010b).
Results of this comparison indicates that the exhaustion of mineral ores associ-
ated with the P and K fertilization of the kenaf fields (226 kg Keq ha=1), is below
the average observed for the cultivation of 15 energy crops in Europe (262 kg Keq
ha~!), comparable to hemp fertilization (222 kg Keq ha~!), slightly higher than
flax fertilization (173 kg Keq ha—1), but much lower than PK use intensities associ-
ated with sweet sorghum (583 kg Keq ha™!) and potato (757 kg Keq ha™!) crops.
Being less input intensive, kenaf also generate less waste in the form of pesticide
and fertilizer disposed packages, by comparison with other more demanding crops.

On the other hand, the specific water requirements of kenaf (300400 mm of
water, Alexopoulou et al. 2009) could be a limiting factor which might contribute
to groundwater depletion. Effects of increased water abstraction include saliniza-
tion and water contamination, loss of wetlands, and the disappearance of habitats
through the creation of dams and reservoirs and the drying-out of rivers (EEA
2006). Irrigation also penalizes the energy balance. These aspects are of particu-
larly importance in southern Europe, where in summer the soil water content is
less than the specific water requirements of the crop.

Kenaf is described as opportunistic in relation to water availability, with a
high rate of stomatal conductance and transpiration rate when water is not lim-
ited, and a markedly reduced stomatal conductance and transpiration rate when
water availability is restricted (Patane and Sortino 2010). Moreover, the crop toler-
ates drought (Bafiuelos et al. 2002) and is able to recover following re-watering
(Muchow 1992). Additionally, timeliness of water availability is not as critical for
kenaf, which is a vegetative crop, as it is for the predominant grain crops, wheat
and grain sorghum that require water at pollination and grain-filling (Ogbonnaya
et al. 1998). Impacts on water use by kenaf cultivation may also be minimized
due to the high cellulose content of this biomass, which allows the plant to
stand upright at low water contents, as it was referred to herbaceous perennials
(Lewandowski et al. 2003) and due to high water use efficiency, owed by their
deep and well-developed root system (Lauriault e Puppala 2009). Subtracting
kenaf water needs from available rainfall within the limits of crop growth would
reveal a deficit in supply or the accommodation of the requirement by the avail-
ability. Assuming that the resulting calculus would correspond to groundwater bal-
ance (Fernando et al. 2010c), expressed in mm, the result obtained for kenaf in
the Mediterranean region shows a deficit of 117 mm year™!. This result is com-
parable to the average water exhaustion potential of different annual energy crops
studied (—117 mm year™!) by Boléo (2011) across Mediterranean. In the same
study, Boléo revealed that perennial grasses and woody species show positive
water balances and that hemp and potato, high water demanding crops, presented
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the most severe exhaustion potential (—467 mm year™' and —389 mm year~!,
respectively). Flax, another fiber crop, presented a more balanced amount
(=31 mm year™ '), lower than the deficit presented by kenaf.

There are few studies that report the water consumption and the wastes genera-
tion of production and use of kenaf crop for energy and biomaterials. In the work
of Ardente et al. (2008), the production of kenaf-fiber insulation board represents a
water consumption of 10.7 kg/f.u. This result is exceeded by glass wool (27.0 kg)
and mineral wool (25.6 kg) and highly exceeded by the replaceable product polyu-
rethane (298 kg). Other products present better results than kenaf (flax rolls, 5.7 kg,
stone wool, 3.9 kg, and paper wool, 0.8 kg). In terms of wastes production, Ardente
et al. (2008) indicates 2.0 kg, lower than the result attributed to glass wool (6.6 kg)
and to mineral wool (2.7 kg) but higher than the values attributed to stone wool
(0.054 kg), flax rolls (0.122 kg), paper wool (0.032 kg), and polyurethane (0.32 kg).

Water consumption impact results associated with the production and use
of fiber crops for biomaterials were also reported by van Dam and Bos (2004).
In their study, they stated that the water retting process of jute (15-18 days) in
ditches or ponds consumes large amounts of water, causing pollution of surface
waters. Organic degradation products of decomposing plant tissues and accumula-
tion of microbial biomass are not considered toxic, but the process causes oxygen
depletion and foul smell emission. Therefore, novel and less damaging methods
for fiber extraction need to be implemented, as well as to equip processing facili-
ties with adequate exhaust hoods. In their revision, van Dam and Bos (2004) also
indicated that the impacts of waste production (air and water pollution and solid
waste production) were higher for synthetic products than for natural fiber-based
products: the water pollution of production processes of natural fibers was recog-
nized to be high, but considered to consist of biodegradable compounds in contrast
to the release of persistent chemicals (heavy metals) in the effluent of chemical
plants. The wastewater treatment for natural fiber production therefore would be
technically easier and cheaper. In the same revision, it was also stated that prod-
ucts made of fibers like kenaf will pose lesser health problems to workers than, for
instance, glass fibers, which cause skin irritation, or the hazardous asbestos fibers.

The application of treated wastewater to the soil kenaf system may contribute to
mitigate the scarcity of water resources and to reduce the fertilizers needs, with global
positive environmental outcomes. Irrigation with wastewaters may provide readily
available adequate amounts of N, P, and K and also sufficient quantity of organic mat-
ter that improves the soil structure and other soil properties related to availability of
water and nutrients. According to Khan et al. (2009), the use of treated wastewater
may increase the total carbon, the total nitrogen concentration, and the mineral con-
tent along with the microbial activity in soil that helps in nutrient availability to plants.

Kenaf cropping has been linked with wastewaters irrigation (e.g., Barbosa 2010;
Ferreira 2011; Fernando et al. 2011, 2012). The aim of the referred works was to
evaluate growth responses, as well as the quality and biomass productivity of the
G4 variety of kenaf, irrigated with wastewaters presenting different ammonium ion
concentrations and nitrate ion concentrations. Results indicate that the increment of
ammonium ion up to 60 mg dm~3 (NHy) in the wastewaters led to the decrease in
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biomass productivity (Barbosa 2010, Fernando et al. 2011). Irrigation with waste-
water enriched with nitrate ion did not affect the growth and productivity of kenaf,
within the levels of nitrate studied (maximum concentration 100 mg dm 3 NO3)
(Ferreira 2011, Fernando et al. 2012). In terms of biomass quality, an increased
accumulation of biomass ash and nitrogen was observed, due to the irrigation with
these wastewaters, and this fact may penalize its use for combustion purposes.

Land used for energy cropping competes with conventional agriculture, forest
production, and urbanization, as well as for nature protection and conservation.
Kenaf crop to be used for bioenergy and bioproducts of increased value, should
therefore be produced in a sustainable land use way: a) by using land not required
for food and feed production (Krasuska et al. 2010); by using land in a way that
the minimum direct and indirect negative effects are being produced due to Land
Use Change (LUC) (Fritsche et al. 2010). These conflicts might be solved through
spatial segregation of food/feed and energy producing areas by continuing produc-
ing food on established and productive agricultural land and growing dedicated
energy crops on so called “surplus” land. But adequacy between the bioenergy
cultivation systems and the respective types of surplus land should be taken into
account, namely, issues such as yields, inputs, and costs, as well as potential envi-
ronmental and socio-economic impacts (Dauber et al. 2012).

Regarding the use of surplus land, kenaf has been recognized as tolerant to
soil salinity (Francois et al. 1992) and as a biomass crop for soil phytoremedia-
tion (Bafiuelos et al. 1997). Francois et al. (1992) described a 2-year experiment
with two cultivars (Everglades-41 and 7818-RS-10) grown with six salinity treat-
ments imposed on a silty clay soil. Soil salinity ranged from 5.4 to 12.6 dS m~!
the first year, and from 6.0 to 14.9 dS m~! the second year. The mean dry weight
yields of the stems during the 2-year experiment were reduced 11.6 % for each
unit increase in soil salinity above 8.1 dS m~!, placing kenaf in the salt tolerant
category. Increased salinity did not significantly affect fiber length but excessive
CI accumulation occurred in the leaf tissues at high soil salinity levels.

Regarding phytoremediation, it was reported that successively planting kenaf in
Se-laden soil has the potential to reduce total soil Se. The cultivation of this crop
led to a significant reduction of total soil Se between preplant and the final harvest
by 23 %, over a 1-year-period under greenhouse conditions (Baiiuelos et al. 1997).
But, the seleniferous soil (~40 mg kg~! soil) reduced significantly the shoot yield.
Effects observed might be also due to the high salinity of these soils (~8 dS m™1).

The effects of different heavy metals on growth, productivity, and biomass
quality of several varieties of kenaf (Tainung 2, Everglades 41, Gregg, Dowling,
SF 459, and G4) were reported in the studies of Catroga et al. (2005) and Catroga
(2009). Zn was the metal that most negatively and significantly affected the pro-
ductivities obtained. In contrast, kenaf showed high tolerance to Hg, Cd, Cu, and
Cr soil contamination. Higher productivities were observed with Tainung 2, espe-
cially, in soils contaminated with Cu, Cr, and Cd. Dowling was the most productive
variety in Zn contaminated soils and Everglades 41 the most productive variety in
Hg contaminated soils. Mineral matter accumulation was also influenced by heavy
metals soils contamination. Contamination with copper, chromium, and mercury
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resulted in a higher removal and accumulation by the roots. Soils contaminated
with zinc and cadmium, resulted not only in a high accumulation by the roots but
also in the aerial fraction of the kenaf plants. Tainung 2 was the most efficient vari-
ety in the phytoextraction of Cu and Cd from soils, Everglades 41 the most efficient
for the Zn and Cr phytoextraction from soils and Dowling the most efficient on the
removal of Hg. Results presented in those studies also indicate that this biomass
can be further valorized for energy production or fiber, once soils contamination
did not influence the calorific value and the fiber content of kenaf plants.

The potential of kenaf for phytoremediation of lead (Pb) on sand tailings was also
investigated by Ho et al. (2008). In Pb-spiked treatments, roots accumulated more
than 85 % of total plant Pb which implies that kenaf root can be an important sink
for bioavailable Pb. The ability of kenaf to tolerate Pb and avoid phytotoxicity was
attributed to the immobilization of Pb in the roots and hence the restriction of upward
movement, indicating its suitability for phytoremediation of Pb-contaminated site.

It was also argued that kenaf cropping can be used as a strategy for combating
desertification (Barbosa et al. 2012). Increasing vegetation, like the cultivation of
energy crops on marginal and degraded land, could be a way to combat desertifi-
cation or land degradation (Cortina et al. 2011), because some of these cultures
are able to restore soil properties. This practices could be suitable, mainly if the
species being introduced have low water and nutrient exigencies (Kassam et al.
2012), such has been observed with kenaf, show adequate physiological and ana-
tomic features to control water and wind erosion, and if the practices by which
these cultures are established, allow to increase the levels of organic matter on soil
and increase the soil moisture content.

Regarding land use, kenaf could fit well into crop rotations where it may serve as
break crop for the control of pests (e.g., nematode, in a rotation with soybean or fol-
lowing maize and sorghum; weeds, due to the release of phytotoxic compounds and
high planting density and rapid early growth), improve soil fertility (re-incorporation
of residues), maintenance of the long-term productivity of the land, and consequently
increase the yields and profitability of the rotation (Zegada-Lizarazu and Monti
2011). In their extensive review on energy crops in rotation, Zegada-Lizarazu and
Monti (2011) indicated that kenaf is best fitted to follow shallow-rooted crops because
the deep-rooted kenaf can use water and nutrients that moved to deep soil layers dur-
ing the previous season, thus improving the overall efficiency of a rotation system.
According to the same work, in the southern areas of Europe, the combination of con-
ventional (wheat, legumes, sunflower) and the new kenaf crop, in rotation, could opti-
mize the utilization of soil resources and fit the prevailing climatic conditions.

5.6 Biological and Landscape Diversity

Extensive farming systems are important for maintaining the biological and land-
scape diversity of farmland. However, these systems have been threatened, either
by intensification and abandonment (EEA 2005). Landscape configuration and
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habitat richness have an impact on its community’s diversity (Dauber et al. 2003).
It is agreed that more complex structure and heterogeneity of a vegetation sys-
tem have a positive influence on its cover value for wildlife (Smeets et al. 2009).
Hence, compared to a natural system even if fallow land, any energy crop will
have negative effects and they will be more severe the farther the system shifts
from the native conditions. Facing the lack of local onset data and extensive and
systematic reference studies for kenaf, a generic approach was implemented.

Annual crops have been reported as source of seemingly biodiversity loss.
Literature asserts that perennial grass and tree plantations support more, micro-
fauna, soil fauna, and bird species due to higher permanence on soil and thorough
management, including low agrochemical inputs, ploughing and tillage, and lower
removal of litter soil cover (Fragoso et al. 1997; Borjesson 1999; Berg 2002).
Nonetheless, annual crops that undergo a flowering period should attract insects
and birds, increasing their diversity and numbers. Such has been reported in sun-
flower fields (Jones and Sieving 2006) and is likely to happen in other colorful
blossomed annual crops such as kenaf.

In general terms, establishment of a kenaf monoculture result in a higher impact,
also due to use of fertilizers and pesticides in the production, but, on the other hand,
these plants have a high above and belowground biomass, leading to high soil organic
matter content due to root biomass accumulation and litter deposition. These condi-
tions favor diversity and occurrence of soil microorganisms and soil fauna (Borjesson
1999). Also, kenaf plants, which can grow up to two meters in height, provide shelter
and protection from predators as well as from climatic influences (such as wind), as it
was observed for perennials (Oliveira et al. 2001; Rowe et al. 2009).

Widespread cultivation of kenaf cropping systems might have an impact on the
landscape. However, crop planting should be carried out in order to ensure that
adverse landscape impacts are minimized. Landscape impact assessment can be per-
formed by comparing the crop with fallow land, being the structure and color chosen
as criteria to evaluate landscape quality (Fernando et al. 2012). According to these,
a kenaf plantation may have a somewhat negative impact on the landscape as the
crop does not have a great variation in structure, if we consider the homogeneity and
openness of the crop. But positive impacts yielded from increases in height, density,
and the presence of structures, such as inflorescences, with distinct coloration.

5.7 Conclusions

This chapter has outlined the environmental aspects of kenaf production and use.
The assessed impact pathways rely primarily on management intensity and on the
crop traits, and second on the processing and use systems. Kenaf can be consid-
ered as a more environmentally acceptable crop than other annual energy crops,
since it requires fewer inputs (fertilizers, pesticides). But, due to the short per-
manence period in the ground, it stands out to be as burdening as other annual
crops regarding erodibility and biodiversity. Risks associated with losing soil
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quality and use of water, nutrients, and land are also comparable to most annual
energy crops. Impact reduction strategies are limited to crop management options
which can influence emissions, nutrient status, and mineral ore depletion. All other
impacts are site-specific dependent, intertwined with the crop traits. Therefore, the
implementation of an impact-lean kenaf system should root also on the adequacy
between crop and location.

In addition, the substitution of fossil fuels and materials through the use of
kenaf can lead to energy savings and reductions in greenhouse gas emissions, but
a negative impact can be witnessed in terms of acidifying emissions. It is worth
nothing, however, that environmental benefits will occur only if the production
and conversion processes are carefully managed and guidelines are adhered to.
Caution must be applied, nonetheless, considering that the studied crop has not yet
been upscaled to a commercial level in Europe.
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