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Foreword

Today’s world is subject to important changes from the environmental point of
view. Based on this, it is valid to assume that the way we produce foods must
necessarily evolve to the generation of systems that consider the aspect of
“sustainability.” Thus, for future production systems, food production with these
features (Biosystems) should be the most suitable option to support the worldwide
growth of the population in an environmentally friendly way. Biosystems, in order
to be a real alternative in food production, should consider including basic studies
of various disciplines with the production of plants, animals, microorganisms,
among others. These efforts must be related to aspects of Production Control
Engineering as well as recycling systems and waste inputs.

The study of Biosystems Engineering is emerging worldwide focusing on issues
such as agricultural production, livestock and aquaculture, amalgamating aspects
of basic biology, chemistry, mathematics, physics, and engineering in searching
for strategies for sustainable food production in protected environments. Some
important research fields regarding Biosystems Engineering for food production
are new production strategies of plants with high content of beneficial compounds
for human health, development of electronic instrumentation for monitoring
production at different levels, recycling agroindustry residues, environmentally
friendly approaches for food production, among others.

As an example of the aforementioned, it is clearly a global trend (especially in
Europe) toward “healthy eating,” rich in compounds with activity called “nutra-
ceutical,” due to the presence of specific secondary metabolites. Agricultural
production systems that have documented significant nutraceutical compounds are
called “organic.” While these systems produce functional (nutraceutical) food of
high quality and reduce pollution effects in the process, it cannot generate enough
yields to support the global growth and thus, are of high economic cost and hardly
accessible for most of the population. On the other hand, conventional extensive
agriculture has produced the food needed to sustain the population growth
worldwide. However, this achievement is reached using components given by the
Green Revolution and incorporates some elements of biotechnology. This type of
agriculture has the peculiarity that the food produced is not as high in nutraceu-
ticals as organic products. Additionally, conventional systems are accused of
having associated environmental problems.
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In this context, it is proposed to generate a Third Pathway for Agriculture, not
only organic and not only conventional. It will be necessary to pursue efforts to
develop new strategies for food production using the necessary knowledge accu-
mulated from different disciplines. For instance, applications of metabolites-
inducer factors (MIFs) to increase nutraceuticals, biological control strategies,
greenhouses with appropriate climate control, recycling food production residues,
etc. Taking into account all the aforementioned aspects this book, Biosystems
Engineering: Biofactories for Food Production in the Century XXI, is an attempt
to depict researches from several experts in the proposed fields, in order to get a
vision related to this new proposal for food production.

Ramon Guevara-Gonzalez
Irineo Torres-Pacheco
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Chapter 1

Strategies for Sustainable Plant Food
Production: Facing the Current
Agricultural Challenges—Agriculture
for Today and Tomorrow

Lina Garcia-Mier, Sandra Neli Jimenez-Garcia,
Angela Maria Chapa-Oliver, Laura Mejia-Teniente,
Rosalia V. Ocampo-Velazquez, Enrique Rico-Garcia,
Ana A. Feregrino-Pérez, Ramon Guevara-Gonzalez
and Irineo Torres-Pacheco

Abstract Plants are fundamental elements of the human diet, either as direct
sources of nutrients or indirectly as feed for animals. During the past years, the
main goal of agriculture has been to increase yield in order to provide the food that
is needed by a growing world population. However, as important as yield, but
commonly forgotten in conventional agriculture, is to retain and, if possible, to
increase the phytochemical content due to their health implications. By 2025, the
global population will exceed 7 billion. In the short term, per capita availability of
arable land and irrigation water will decrease from year to year while biotic and
abiotic stresses expand. Food security, defined as economic, physical, and social
access to a balanced diet and harmless drinking water will be a compromise, with a
holistic approach to nutritional and non-nutritional factors needed to achieve
success in the eradication of hunger. Science and technology will play a very
important role in stimulating and sustaining agriculture leading to long-term
increases in productivity without linked ecological harm.
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1.1 Introduction

In recent times, concerns about the impact of the food that people consume on their
own health, as well as the social and environmental consequences that it entails, have
led to major changes in all steps of the food chain including all the agents from the
producer to the retailer. These phenomena comprise complex technologic, social,
economic, and environmental linkages that require integrated research approaches,
i.e., the changes in consumer’s demand and their consequences need to be considered
from all these different points of view. While food is a basic requirement for human
survival and well-being, the ability to ensure food security, that is, access to sufficient
nutritious food is determined by multiple social and political factors. At the same
time, food production as the foundation of food security also provides the potential
for building a new politics to work toward sustainability.
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Currently, the agricultural challenge is to get crop yield and quality at the same
time. Since ancient times, agricultural practices seek to confer comfort to plants
through stress reduction. For this reason, the use of greenhouse has emerged in the
perspective of reducing the stress produced by inadequate weather parameters such
as temperature, radiation, and relative humidity parameters as well as pest dis-
eases. Consequently, they have allowed growing crops in an efficient way in
relative safety from the outside world. However, this practice has brought a
decrease in the production of phytochemicals with health implications, because
these compounds are produced by the plant in response to stress conditions.
Besides, because plant are sessile organisms, synthesis of phytochemicals repre-
sents a major strategy for counteracting unfavorable conditions.

The cultivation of crops inside greenhouses is the most intensive form of vegetal
production. Consequently, the challenge of feeding a global population could be
faced through protected agriculture. Nevertheless, the commitment in today’s
agriculture is not only to provide abundant food but also to contribute to increase
the health and wellness of a growing global population that cares about living with
quality and environment issues. Then the question that arises is related to how to
obtain both crop yield and secondary metabolites with health implications, since it
is stated that the production of these metabolites jeopardized plant fitness.

In this context, the use of metabolite inducing factors represents a viable
strategy to achieve both crop yield and bioactives, that is, the challenges assumed
by conventional and organic agriculture, respectively. Indeed, questions around the
use of metabolite inducing factors remain: what is the best inductor to use, in
which doses, at what growing state, just to name a few. The advances around this
topic along with the improvement in greenhouse building and climate control will
lead to conquer the goal of the twenty-first century: produce more and better food
for an increasingly demanding population in a sustainable manner. For this reason,
this chapter addresses the following topics: first, transitions in food production
systems; second, to what extent are emerging technologies and sustainable agri-
culture compatible; third, prospects to integrate technology and sustainability with
functional food.

1.2 Different Agricultural Visions: Conventional
Versus Organic

This section discusses the principles of conventional farming compared with
organic farming to achieve sustainable agriculture allowing in future the global
food supply.
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1.3 Conventional

According to Van der Walt (2000) and Kitch et al. (2002) agriculture has gone
through three great periods. The first comprises the traditional technology, which
began about 10,000 BC ago, in which civilizations used the natural biological
diversity and domesticated plants and animals, began selecting plant material for
propagation and animals for breeding. The second period comprises the conven-
tional technology, which began in the late nineteenth century, when Gregor Mendel
in 1865 identifies the principles of heredity, laying the groundwork for classical
breeding methods. Thereafter, were obtained commercial hybrid crops (1930).
Mutagenesis, tissue culture, and plant regeneration were applied in the mid-twen-
tieth century. Finally, the third period focuses from the 1970s to date, in which gene
transfer was initiated by recombinant DNA techniques. It uses the tissue culture for
large-scale propagation of plants and embryo transfer in animal production. Vac-
cines and hormones are genetically engineered and cloned animals. And to begin
the twenty-first century appears bioinformatics, genomics, proteomics, and meta-
bolomics tools of great contribution in agricultural biotechnology.

1.3.1 Green Revolution

Green Revolution, the term used for rapid increases in wheat and rice yields in
developing countries brought about by improved varieties combined with the
expanded use of fertilizers and other chemical inputs, has had a dramatic impact on
incomes and food supplies in many developing countries (Pinstrup-Andersen and
Hazell 1985). The Green Revolution was a major achievement for many devel-
oping countries and gave them an unprecedented level of national food security. It
represented the successful adaptation and transfer of the same scientific revolution
in agriculture that the industrial countries had already appropriated for themselves
(Hazell 2002).

Briefly, the history of the Green Revolution had its beginning in the early
twentieth century when the Japanese crossed a semi-dwarf wheat variety with
American high-yielding varieties to produce Norin 10. Although it was of little
importance in Japan, Norin 10 was used in breeding programs in the USA after
1945 to produce a number of high-yielding semi-dwarf cultivars. The cross Norin
10-Brevor was sent to Norman Borlaug at the Centro Internacional de Mejoram-
iento de Maiz y Trigo (CIMMYT) in Mexico and was bred with varieties adapted
to grow in tropical and subtropical climates. The progeny were then distributed to
Latin America and South and Southeast Asia, where they were rapidly adopted,
allowing amazing increases in wheat yields in these countries. Although the
American Cultivars were winter wheat that required exposure to low temperatures
to flower, the new CIMMYT lines were spring wheat that could be grown in warm
climates in any season, allowing two crops a year. Norin 10-Brevor 14 was also the
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origin of dwarfing genes in many wheat cultivars suitable for temperate countries.
The Norin 10 dwarfing genes are now present in >70 % of current commercial
wheat cultivars worldwide (Evans 1998; Hedden 2003).

1.3.1.1 High-Yield Varieties

Although the term Green Revolution originally described developments for rice
and wheat, high-yielding varieties (HYVs) have since been developed for other
major food crops important in developing countries, including sorghum, millet,
maize, cassava, and beans.

HYVs were characterized by (a) high-yield, improved varieties of crops that
give us more yields per hectare, (b) dwarfness, due to short height, and plants are
stronger and hence can withstand strong winds. The problem of lodging is less in
these improved varieties. (c) Better response to fertilizers, this means that when
fertilizers are supplied to HY'V and their yield increases substantially but is not so
in case of traditional varieties, and (d) early maturation, it takes less time for
maturing; as a result, some additional crop can be raised in the spare time thus
saved. However, there are also disadvantages of using HYV. For example, the
dwarfing of HYVs produce yields less fodder than the tall, traditional varieties of
crops that require higher inputs such as more water and more fertilizers as com-
pared to the traditional varieties of crops; weeding is more frequent, needs a
continuous use of pesticides, and is generally more susceptible to diseases than the
traditional varieties (Dalrymple 1974, 1986).

Even with its drawbacks, the HY Vs were adopted quickly by the characteristics
they possessed. By 1970, about 20 % of the wheat area and 30 % of the rice area
in developing countries were planted to HYVs, and by 1990, the share had
increased to about 70 % for both crops. Yields of rice and wheat virtually doubled.
It is estimated that between one-third and one-half of the rice areas in the
developing world was grown with high-yielding varieties, in the decade of the
1980s varying from 9 % in Thailand to 78 % in the Philippines, the yield increases
due to these varieties is about 1 ton/ha in irrigated areas and 0.75 tons/ha on
favored upland rice areas (Pinstrup-Andersen and Hazell 1985). The impact was
estimated to be about 10 million tons in the Far East and less than one-half of a
million tons in Latin America for the year 1976/1977 (Pinstrup-Andersen and
Hazell 1985). In the same sense, 27 million tons from production of rice in eight
Asian countries produced 85 % of Asia’s rice in 1980. Another 29 million tons
was added by fertilizers, and irrigation contributed 34 million tons for modern rice
varieties. Higher yields and profitability were characteristics that led farmers to
increase the area of rice and wheat they grew at the expense of other crops. And
with faster growing varieties and irrigation, they grew more crops on their land
each year (Hazell 2002) HY Vs play an important role in increasing crop yield due
to their resistance against pests. Ahmad et al. (2007) showed that the main con-
straints faced by farmers in adopting HY Vs were unavailability of seed and lack of
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Fig. 1.1 Global trends in the intensification of crop production (index 1961-2002/2005).
Reproduced from Hazell and Wood (2008). Updated from FAOSTAT (2006; tractor and fertilizer
data to 2002, land use to 2003, production to 2005)

latest knowledge, in addition to access to water supply, lack of capital, shortage of
cultivated land, shortage of labor, lack of technical know-how, and lack of inputs.

1.3.1.2 Agrochemicals and Machinery

At the global level, agricultural production has grown much faster than the pop-
ulation in recent decades, leading to a steady increase in per capita agricultural
output (including food) and a steady decline in world prices for most agricultural
commodities, particularly since the late 1970s. This has been achieved primarily
with a technological revolution that has increased yields through increases in
modern inputs irrigation, improved seeds, fertilizer, tractors, and pesticides as
shown in Fig. 1.1 (Hazell and Wood 2008). As a result of this unprecedented
growth in agricultural productivity, the world now produces more than enough
food to feed the entire population to the minimum UN standards if it were dis-
tributed more equitably. Even more remarkably, this surplus has been achieved
despite the diversion of considerable land, labor, and other rural resources to the
production of higher value foods (meat, milk, fruits, vegetables, etc.) to meet the
changing food demands of growing more urbanized and more affluent populations.
This includes the additional cereals needed as feed grains in intensive livestock
systems and oil crops for inland aquaculture (Hazell and Wood 2008).
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1.3.1.3 Limitations of the Green Revolution

According to Pingali (2012) the Green Revolution contributed to widespread
poverty reduction, averted hunger for millions of people, and avoided the con-
version of thousands of hectares of land into agricultural cultivation. At the same
time, the Green Revolution also spurred its share of unintended negative conse-
quences, often not because of the technology itself but rather because of the
policies that were used to promote rapid intensification of agricultural systems and
increase food supplies. Some areas were left behind, and even where it success-
fully increased agricultural productivity, the Green Revolution was not always the
panacea for solving the myriad of poverty, food security, and nutrition problems
facing poor societies. The slowdown in yield growth that has been observed since
the mid-1980s can be attributed, in part, to the above degradation of the agricul-
tural resource base. These environmental costs are widely recognized as a potential
threat to the long-term sustainability and replication of the Green Revolution
success.

1.3.2 Biotechnology

Biotechnology is a complement, not a substitute, in many areas of conventional
agricultural research. It offers a variety of tools to improve our understanding and
management of genetic resources for food and agriculture. These instruments are
already contributing to the improvement and conservation programs and facili-
tating the diagnosis, treatment, and prevention of diseases of plants and animals
(FAO 2002).

1.3.2.1 Strategies to Increase Food Production

The agricultural solutions based in biotechnology may consist of new seeds or new
breeds of cattle, which continue the tradition of selecting and improving crops and
livestock produced over several centuries. However, the difference is that the new
genetic technology can identify the desirable characteristics more quickly and
accurately than conventional breeding practices of plants and animals.
According to Persley and Doyle (1999) modern biotechnology, composed of
genomic, bioinformatic, molecular genetic improvement molecular diagnostic, and
vaccination technology, will not solve all problems of food insecurity and poverty,
unless it is governed by a set of policies directed to: (1) greater public investment
in research and development, (2) standardize the regulation that informs the public
and protects from any risk arising from the release of genetically modified
organisms, (3) management of intellectual property to encourage greater invest-
ment in the private sector, and (4) the regulation of private sector seed production
and agricultural research to protect the interests of small farmers and poor
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GLOBAL AREA OF BIOTECH CROPS
Million Hectares (1996-2012)
180 9~ Total Hectares

160 — =0 Industrial
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Fig. 1.2 Global area of biotech crops, 1996-2012: industrial and developing countries.
Reproduced from ISAAA (2012)

consumers in developing countries; these could provide the key to a solution and
discern whether biotechnology can benefit the poor in developing countries.

The use of biotechnology in agriculture and medicine has produced an
increasing number of genetically modified organisms (GMO) and products derived
from them. The rapid spread of genetically modified (GM) crops shows the
biotechnology pace transforming the commercial landscape (Persley 1999).
According to ISAAA (2012) biotech crop hectares increased by an unprecedented
100-fold, from 1.7 million ha in 1996, to 170 million ha in 2012 (Fig. 1.2).

Of the 28 countries which planted biotech crops in 2012 (Table 1.1), 20 were
developing and 8 were industrial countries; and it is noted that more than half the
world’s population, 60 % or ~4 billion people, live in the 28 countries planting
biotech crops (ISAAA 2012).

1.3.2.2 Environment Benefits Offered by Biotech Crops

Impact on insecticide/herbicide use and impact on carbon emissions are two key
aspects of environmental impact. From 1996 to 2011, biotech crops have contrib-
uted to food security, sustainability, and the environment/climate change by
increasing crop production valued at US$98.2 billion; providing a better environ-
ment by saving 473 million kg of pesticides; in 2011 alone reducing CO, emissions
by 23.1 billion kg, equivalent to taking 10.2 million cars off the road for 1 year;
conserving biodiversity by saving 108.7 million ha of land; and helped alleviate
poverty for >15.0 million small farmers and their families totaling >50 million
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Table 1.1 Global area of biotech crops by country

Rank Country Area (million ha) Biotech crops
1 USA? 69.5 Maize, soybean, cotton, canola, sugarbeet, alafalfa,
papaya, squash
2 Brazil® 36.6 Soybean, maize, cotton
3 Argentina® 23.9 Soybean, maize, cotton
4 Canada® 11.6 Canola, maize, soybean, sugarbeet
5 India® 10.8 Cotton
6 China® 4 Cotton, papaya, poplar, tomato, sweet pepper
7 Paraguay® 34 Soybean, maize, cotton
8 South Africa® 2.9 Maize, soybean, cotton
9  Pakistan® 2.8 Cotton
10 Uruguay® 1.4 Soybean, maize
11 Bolivia® 1 Soybean
12 Philippines® 0.8 Maize
13 Australia 0.7 Cotton, canola
14  Burkina Faso® 0.3 Cotton
15  Myammar® 0.3 Cotton
16  Mexico® 0.2 Cotton, soybean
17 Spain® 0.1 Maize
18 Chile® <0.1 Maize, soybean, canola
19 Colombia <0.1 Cotton
20 Honduras <0.1 Maize
21 Sudan <0.1 Cotton
22 Portugal <0.1 Maize
23 Czech Republic  <0.1 Maize
24 Cuba <0.1 Maize
25 Egypt <0.1 Maize
26 Costa Rica <0.1 Cotton, soybean
27 Romania <0.1 Maize
28 Slovakia <0.1 Maize

# 18 biotech mega-countries growing 50,000 ha, or more, of biotech crops (ISAAA 2012)

people, who are some of the poorest in the world. Biotech crops are essential but not
a panacea and adherence to good farming practices, such as rotations and resistance
management, are a must for biotech crops as they are for conventional crops
(ISAAA 2012).

1.3.2.3 Economic Benefits of Principal Biotech Crops
Currently Grown

Principal biotech crops currently grown are maize, soybean, cotton, canola, and
alfalfa. According to Kitch et al. (2002), of the 100 million ha of biotech soybean
planted globally 81 % or (80.7 million ha) were biotech. During the 16-year
period 1996-2011 the increase in income benefits for farmers growing biotech
soybean was US$32.2 billion and for 2011 alone, it was US$3.9 billion (Brookes
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and Barfoot 2013). Maize is the second most dominant biotech crop after soybean
in 2012, with a surface plantation of 39.9 million ha, up by 2.6 million ha from
2011, which occupied 23 % of the global biotech area. The stacked maize category
includes three combinations of traits: a double stack with insect resistance (Bt) and
herbicide tolerance (HT), Bt/HT; a double stack with two traits for insect resis-
tance, Bt/Bt; and a triple stack with two types of insect resistance, plus herbicide
tolerance, Bt/BtHT (ISAAA 2013). In the same sense, Bt cotton is the third most
dominant crop globally, which occupied 18.8 million ha, equivalent to 11 % of the
global biotech area, up by 0.9 million ha, or 5 % since 2011. The eighth most
dominant trait was herbicide-tolerant cotton occupying 1.8 million ha, the same as
last year, occupying 1 % of all biotech crops globally. HT cotton was planted in
eight countries—USA, Brazil, Argentina, Paraguay, Australia, Mexico, Colombia,
and South Africa. The increase in income benefits for farmers growing biotech
cotton during the 16-year period 1996-2011 was US$32.5 billion and
US$6.7 billion for 2011 alone (Brookes and Barfoot 2013). Another Bt crop is the
alfalfa, which was first approved for commercialization in the USA in 2005. The
60,000 ha of RR®alfalfa represented approximately 5 % of the 1.3 million ha
alfalfa seeded in 2006 (ISAAA 2013). Finally, the Bt canola increased globally by
1 million ha from 8.2 million ha in 2011 to 9.2 million in 2012, equivalent to
12 %. The increase in income benefits for farmers growing biotech canola during
the 16-year period 1996-2011 was US$3.1 billion and US$0.42 billion for 2011
alone (Brookes and Barfoot 2013).

1.4 Organic

Organic agriculture refers to a farming system that has regulations to ban the use
of agrochemicals such as synthetic fertilizers and pesticides and the use of GMO,
as well as many synthetic compounds used as food additives (e.g., preservatives,
coloring) IFOAM 2013; Yussefi et al. 2008). Organic agriculture, along with
other low input agriculture practices, results in less energy demand compared to
intensive agriculture and could represent a means to improve energy savings and
CO, abatement if adopted on a large scale. At the same time it can provide a
number of important environmental and social services, such as preserving and
improving soil quality, increasing carbon sink, minimizing water use, preserving
biodiversity, halting the use of harmful chemicals, and thereby guaranteeing
healthy food to consumers. Organic farming offers the most consistent approach to
agroecological progress. Because of the ban or restricted use of many direct
control techniques such as pesticides, herbicides, synthetic soluble fertilizers, and
veterinary medicines, organic farmers rely heavily on preventive and system-
oriented practices (Forster et al. 2012).
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1.4.1 Food Quality

Whether organic food is better or equal in terms of quality (e.g., higher content of
minerals, vitamins) compared to conventionally produced foods, is also an issue
(Adam 2001; Brandt and Mglgaard 2001; Gomiero et al. 2008). Some experts have
reported that organic food is not better than conventional, stating that data do not
provide significant evidence of differences between the two (Brandt and Mglgaard
2001; Brandt et al. 2006; Trewavas 2001). Others, however, claim that differences
do exist concerning the content of nutritional elements (such as vitamins and other
beneficial micronutrients) (Heaton 2001; Winter and Davis 2006; Mitchell et al.
2007). Also, the avoidance of ingestion of food with harmful pesticides residues is
a benefit (Curl et al. 2003; Lu et al. 2006; Winter and Davis 2006; Halweil 2007).
Some authors have suggested that there is a potential for increased microbiological
hazards from organic products (including animals) due to the prohibition of
antimicrobial use as there is evidence that the use of pesticides, like herbicides, can
decrease the number of toxic chemicals produced by plants. However, until now,
this hypotheses has not been proven (Brandt and Mglgaard 2001; Brandt et al.
2006; Winter and Davis 2006; Halweil 2007).

1.4.2 Ecological Benefits

In ecological terms, organic agriculture offers energy efficiency and energy sav-
ings, because it performs much better than conventional in regard to energy effi-
ciency (output/input). Generally, however, conventional crop production has the
highest total net energy production per unit of cropped land. CO, and greenhouse
gases (GHGs) abatement, as organic farming represents an important option to
supply a carbon sink and GHGs abatement. Soil, however, has a limit to carbon
sink. Long-term solutions concerning CO, emissions for global society should be
searched for in new energy conservation techniques and strategies. Properly
managed, organic agriculture represents an interesting option to reduce energy
consumption, CO, and other GHG emissions, as well as to preserve soil health and
biodiversity (Gomiero et al. 2008).

Although organic agriculture is one among the broad spectrum of methodolo-
gies which are based on the specific and precise standards with different names
such as organic, biological, organic-biological, biodynamic, natural, and ecolog-
ical agriculture, there are some commonly followed principles in organic agri-
culture. These principles are summarized as follows (Ma and Joachim 2006):

e Maintain long-term soil fertility through biological mechanism.

e Recycle wastes of plant and animal origin in order to return nutrients to the land,
thus minimizing the use of external inputs outside systems, and keep the
nutrients cycle within the system.
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e Prohibit the use of synthetic materials such as pesticides, mineral fertilizers,
chemical ingredients, and additives.

e Use natural mechanism and rely on renewable resources to protect the natural
resources.

e Raise animals restricted to areas and guarantee the welfare of the animals.

e Adapt local environment and diversified organization.

e Produce high-quality products.

Since the beginning of the twenty-first century, the development of organic
farming worldwide has shown a strong growth. Almost 23 million ha were man-
aged organically worldwide in 2002. Compared to 2000 this is an increase of
3-1.4 %. The total world retail sales of organic products reached US$25 billion in
2002, which increased by 42.9 % compared to 2000 (Yussefi et al. 2003). Organic
agriculture is practiced in almost all countries of the world, and its share of
agricultural land and farms is growing (Scialabba and Hattaam 2002). The market
for organic products is growing, not only in the major markets like Europe, North
America, and Japan, but also in many other countries, including developing
countries (Foster and Lampkin 2000; UNCTAD/WTO 2001; Lin 2003).

1.5 What Is the Necessity of Current and Future
Agriculture

Agriculture currently appropriates a substantial portion of the Earth’s natural
resources. Land used for crop production, pasture, and livestock grazing systems
amounts to 38 % of total land area (Wood et al. 2000; Spiertz 2010). Population
growth and expanding demand for agricultural commodities constantly increase
the pressure on scarce land and natural resources (Schade and Pimentel 2010). The
drop in cropland in relation to population is very evident. Until the middle of the
twentieth century, available cropland was of the order of 0.45 ha per person; by
1997 it had reduced by almost a factor of 2 resulting in 0.25 and the projection for
2050 is 0.15 ha per person (Lumpkin 2010). The question is whether we can
produce enough food, feed, fiber, and fuel to meet the needs of a 50 % larger
global population in 2050 in a sustainable manner. Cassman et al. (2003) con-
cluded that “avoiding expansion of cultivation into natural ecosystems, increased
N-use efficiency, and improved soil quality are pivotal components of a sustain-
able agriculture that meets human needs and protects natural resources.” More
resources are required for meeting the demands of the growing human population.
Recent studies by Tilman et al. (2002) indicated that significant systems
improvements and efficiency gains in agriculture are needed worldwide in the next
decades, to be able to feed the increasing global population and at the same time to
circumvent large-scale degradation of natural ecosystems and deterioration of
ecosystem services through agricultural activities. The sustainability framework,
comprising the balance between short-term and long-term objectives with respect
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to profitability, ecological health, and social-ethical acceptance gives guidance to
research directions and policy measures. The conceptual framework of a sus-
tainable gap was presented by Fischer et al. (2007b). They suggest a hierarchy of
considerations with the biophysical limits of the Earth setting ultimate boundaries.
The question is, whether this concept with the “economies” embedded in “human
societies” does fit for major food production systems with free trade as drivers at a
global scale. Transitions in agriculture are a response to external and/or internal
“events” that provide the incentive for structural change (Godfray et al. 2010a).
Possible events or “driving forces” for transitions in agriculture include gradual
and sudden processes, like population pressure, changes in natural conditions
(climate, diseases, and flooding), changes in markets and market prices, innova-
tions, and applications of new technologies. Transitions in agriculture involve
large-scale structural changes, which have a distinct impact on society. The dif-
ficulties in understanding the causes and effects of changes in agriculture arise
from the diversity and complexity of agriculture, and the multitude of factors that
affect agriculture (Godfray et al. 2010a; Spiertz 2010). Demands by society,
economy, and environment determine the direction of change in agriculture.
Decision making requires intensive mutual interaction and discussion to identify
the challenges, trade-offs, discrepancies, and possibilities for synergy. A more
effective strategy for the transition toward sustainable agriculture is setting suitable
goals with clear targets and indicators to measure progress, when the gap between
socioeconomic and ecological targets is too big. To meet the challenges of a global
food security in a sustainable way requires the intensification of knowledge-
intensive approaches and the use of modern agrotechnologies and biotechnologies.

1.6 Maximize Yield

In the near future, food availability will be threatened if the right agriculture
measures are not adopted. Currently, the reduction of pesticides to control pests
and pathogens, and the presence of health compounds in food is as important as
food production. There is considerable agreement about the idea that increasing
yields on existing agricultural land is a key component for minimizing further
expansion (Wirsenius et al. 2010).

The world food situation is rapidly redefined by income growth, climate
change, high energy prices, globalization, urbanization, and increased weeds,
pests, and diseases. These issues are transforming food consumption, production,
and ultimately, markets. By 2050, the world population will reach 9.1 billion and
almost all of this population increase will occur in developing countries (Floros
et al. 2010); it means a growth by 34 % from 6.8 billion in 2009. Also, life
expectancy is increasing (Vaupel and Kistowski 2005) and people demand not
only food, but quality food.

Whereas the achievements of global agriculture since the 1960s are among the
greatest success stories, even greater challenges await in feeding more than
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9 billion by 2050 (Lal 2013a). There are almost 1 billion hungry people in the
world (Food and Nations 2009) and about 10.9 million children under five die in
developing countries due to hunger related causes (UNICEF 2009). As an
example, a third of the African population faces widespread hunger at present,
especially those in rural communities and are dependent on traditional agriculture.
Changes in weather patterns and extreme events may aggravate the situation
(Haile 2005). This topic is further discussed in Sect. 4.4.

1.7 Production Protecting the Environment

Global warming represents a major threat for food security, especially in tropical
countries. It is expected that global warming will worsen the drought and the
irregularity of rainfall in many countries. Meanwhile, intensive dependence of
agriculture on agrochemicals and nonrenewable fossil fuels has accounted for over
20 % of global anthropogenic greenhouse gas emissions (Scialabba 2003).
Therefore, organic farming has been mentioned as a major thrust area for
achievement of Millennium Development Goals (MDGs) and to secure sustainable
development. Conversion to organic farming contributes to mitigate the contri-
bution of agriculture to global warming. It therefore contributes to the stability of
the food supply which is threatened by the climate change (Aubert 2007).

Organic farming was developed in the 1940s in Switzerland and the United
Kingdom. Their developments were based in part on the concepts of biodynamic
farming initiated in the 1920s by Rudolf Steiner in Germany. However, it was only
in the 1980s when the negative impact of intensive conventional agricultural
methods became apparent, that interest in organic farming reached a broader
public. In the European Union (EU) organic farming has received policy support
since the early 1990s for its potential to contribute to environmental protection,
rural development, and animal welfare (Commission 2004; Hiring et al. 2004;
Nieberg et al. 2007). Organic farming is also linked to the production of quality
food, and policies have been implemented to ensure transparency and fair com-
petition on the market.

In 2005, around 4 % of the Utilized Agricultural Area of the 25 Member States of
the EU was certified organic, representing over 6 million ha and nearly 158,000
organic producers (Llorens Abando and Rohner-Thielen 2007). In the last decade the
market for organic products has grown steadily, both in Europe and elsewhere, and is
expected to keep increasing (Michelsen et al. 1999; Yussefi et al. 2008). Research on
agronomic aspects of organic farming has shown that crop yields tend to be lower in
organic farming (Kaut et al. 2008), albeit less variable and less susceptible to
drought. Organic farming methods tend to increase soil organic matter and thus
enhance soil fertility (Darnhofer et al. 2011), making it less-dependent on external
inputs. Organic farming may also provide ecosystem services, increase biodiversity,
and have a positive impact on the landscape (Letourneau and Bothwell 2008; Norton
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et al. 2009). However, studies have pointed out that the potential benefits of organic
farming are not always realized in all places and under all management systems
(Darnhofer et al. 2011).

The growing concern about environmental degradation, dwindling natural
resources, and urgency to meet the food needs of the increasing population are
compelling farm scientists and policy makers to seriously examine alternatives to
chemical agriculture. Nemecek et al. (2005) found greenhouse warming potential
in organic systems to be 29-32 % lower on per ha basis than in a mineral fertilizer
system and 35-37 % lower than in the conventional manure-based system. If one
gets a premium price for the organically grown rice, the economic returns from the
ecological farming system are really appreciable. The declines in productivity or
no effect on yields is overturned by better prices farmers get for their organic
produce. Various studies have confirmed that organic agriculture is productive and
sustainable (Kaswan et al. 2012). Indeed, several studies have demonstrated that
fruits and vegetables from organic farming generally are endowed with enhanced
nutritional properties. A recent comparative study shows that organic tomato juice
has a higher phenolic content and hydrophilic antioxidant activity when compared
to conventional tomato juice. Organic tomatoes from Felicia, Izabella, and Paola
varieties had higher vitamin C and carotenoid contents which were more pro-
nounced when expressed on fresh matter than on dry matter. Organic strawberries
present higher antioxidant concentrations and have been shown to inhibit the
proliferation of human colon (HT29) and breast (MCF-7) cancer cells more
effectively than conventional ones (Oliveira et al. 2013).

Organic agriculture avoids nutrient exploitation and increases soil organic
matter content. In consequence, soils under organic agriculture capture and store
more water than soils under conventional cultivation (Niggli 2007). Production in
organic agriculture systems is thus less prone to extreme weather conditions such
as drought, flooding, and water logging. Organic agriculture accordingly addresses
key consequences of climate change, namely increased occurrence of extreme
weather events, increased water stress and drought, and problems related to soil
quality (Liverman 2008). Furthermore, organic agriculture reduces the vulnera-
bility of the farmers to climate change and variability. First, it comprises highly
diverse farming systems and thus increases the diversity of income sources and the
flexibility to cope with adverse effects of climate change and variability, such as
changed rainfall patterns. This leads to higher economic and ecological stability
through optimized ecological balance and risk spreading. Second, organic agri-
culture is a low-risk farming strategy with reduced input costs and, therefore,
lower risks with partial or total crop failure due to extreme weather events or
changed conditions in the wake of climate change and variability (Eyhorn 2007).
As such, it is a viable alternative for poor farmers. In addition, higher prices can be
realized for the products via organic certification. Higher farm incomes are thus
possible due to low input costs and high sale prices. The coping capacity of
the farms is increased and the risk of indebtedness is lowered. Risk management,
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risk-reduction strategies, and economic diversification to build resilience are also
prominent aspects of adaptation.

Crops and crop varieties used in organic agriculture are usually well adapted to
the local environment. Local effects of climate variability cannot be foreseen in
detail because at the local level climate change models are not very accurate or
even available. Adaptation thus may utilize measures that build on self-adaptive
capacity, such as local crop-breeding. The systemic character (on farm breeding,)
of such sustainable agricultural system is especially adequate to provide such.
Notwithstanding this potential, more research is needed on how organic farming
systems perform under increased disease and pest pressures, which are important
effects of climate change on agriculture (Liverman 2008) and on how local crop
varieties adapt to climate change and variability. Organic agriculture also seems to
perform better than conventional agriculture under water constraints (Darnhofer
et al. 2011). By its nature, organic agriculture is an adaptation strategy that can be
targeted at improving the livelihoods of rural populations and those part of soci-
eties that are especially vulnerable to the adverse effects of climate change and
variability—for example, the rural population in sub-Saharan Africa; and
improvements via reduced financial risk, reduced indebtedness, and increased
diversity (Eyhorn 2007). By its systemic character, organic agriculture is an
integrative approach to adaptation. Organic agriculture addresses many of the key
challenges identified for adaptation to climate change and variability and it fulfills
many of the criteria that are seen as important general prerequisites for such
strategies as described in (Kaswan et al. 2012). Organic agriculture as a mitigation
strategy addresses both emissions avoidance and carbon sequestration.

1.8 Functional Foods

Many biotechnological strategies have been hypothesized and used to enhance the
production of secondary metabolites in plants such as: high-yielding cell line
screening, optimization of cultivation media, biosynthesis pathways engineering,
usage of elicitors, large-scale cultivation in bioreactor system, root culture, plant
cell immobilization, and biotransformation (Peterhansel et al. 2008). Several
strategies have been followed to improve yields of secondary metabolites in plant
cell cultures. In the past years new approaches have been developed such as the
culturing of differentiated cells, i.e., shoots, roots, and hairy roots, and induction by
elicitors and metabolic engineering (Parsaeimehr et al. 2011). Cyanobacteria are an
ancient group of photosynthetic prokaryotic organisms. The secondary metabolites
produced in cyanobacteria play an important role in toxicity as iron chelators,
protease inhibitors, growth inhibitors, as well as growth promoting properties and
have been well documented (Prasanna et al. 2009; Yadav et al. 2011). Some
metabolites such as microcystins, saxitoxins, or anatoxins are of global significance
because of their toxicity while others display significant pharmaceutical potential
(Sainis et al. 2010). It has been found that the cyanotoxins, anatoxin-a,
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microcystins, and cylindrospermopsin obtained from Anabaena, Microcystis and
Cylindrospermopsis (respectively) show larvicidal activity with >50 % mortality.
The aeruginosins particularly inhibit serine proteases (trypsin, chymotrypsin,
thrombin, or elastase) and have been regarded as a promising drug candidate
(Yadav et al. 2011).

Functional food products are nonhomogeneous food category; they are expanded
to all segments of the food and drink market (Siro et al. 2008). Functional foods are
predominantly found in the dairy, confectionery, soft drinks, bakery, and baby food
market (Menrad 2003). The use of natural compounds as inhibitory agents for
virulence factor production is a new approach to overcome increased antimicrobial
resistance in pathogenic bacteria (Niraula et al. 2010). Medicinal plants are the most
exclusive source of lifesaving drugs for a majority of the world’s population. The
utilization of plant cells for the production of natural or recombinant compounds of
commercial interest has gained increasing attention over the past decades. The
secondary metabolites are known to play a major role in the adaptation of plants to
their environment and also represent an important source of pharmaceuticals (Sun
et al. 2007; Jimenez-Garcia et al. 2013). Increasing epidemiological evidence
associates diets rich in fruits and vegetables with reduced risk of heart disease,
cancer, and other chronic diseases. A major benefit from such a diet may be
increased consumption of antioxidants, including carotenoids, ascorbate, tocophe-
rols, and phenolics. One phenolic fraction, flavonoids, are potent antioxidants and
include compounds such as flavones, isoflavones, flavonones, catechins, and the red,
blue, and purple pigments known as anthocyanins (Co6té et al. 2010).

Dietary flavonoids (quercetin, kaempferol, and isorhamnetin) possess antiviral,
anti-inflammatory, antihistamine, and antioxidant properties. They have been
reported to inhibit lipid peroxidation, to scavenge free radicals, to chelate iron and
copper ions (which can catalyze production of free radicals), and to modulate cell
signaling pathways (C6té et al. 2010; Jimenez-Garcia et al. 2013). Production of
peroxides and free radicals, which damage lipids, proteins, and DNA, has been
linked to cancer, aging, atherosclerosis, ischemic injury, inflammation, and
neurodegenerative diseases (Parkinson and Alzheimer). Flavonoids protect low-
density lipoprotein cholesterol from being oxidized, preventing the formation of
atherosclerotic plaques in the arterial wall. They stimulate enzymes involved in
detoxification of cancerogenic substances and inhibit inflammation associated with
local production of free radicals (Hounsome et al. 2008; Aires et al. 2009).

There are also reports about the usage of alkaloids in pharmaceuticals well as
Rauwolfia canescens is a central nervous stimulator (Parsaeimehr et al. 2011).
Dietary saponins cause a reduction of blood cholesterol, inhibit growth of cancer
cells, and stimulate the immune system. Some saponins, such as sapotoxin, can be
toxic for humans causing irritation of membranes of the respiratory and digestive
tract, and increase the membrane permeability of red blood cells and urticaria (skin
rash) (Satwadhar et al. 2011).

Plant glucoalkaloids, solanine, tomatine, and chaconine are called saponins;
these are found in peas, beans, tomatoes, spinach, asparagus, onions, garlic, and
potatoes. However, certain glucosinolates (glucoraphanin, glucobrassin,
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glucotropaeolin) and their breakdown products have been linked to a reduction in
the prevalence of certain types of cancer (Hounsome et al. 2008; Aires et al. 2009;
Jimenez-Garcia et al. 2013). A considerable pool of data shows a relationship
between the risk of cancer and dietary carotenoid intake. A case—control study
(2,706 cases of cancer of the oral cavity, pharynx, esophagus, stomach, colon and
rectum vs. 2,879 controls) indicated that a high intake of tomatoes and tomato-
based food, both of which are rich sources of lycopene, was strongly associated
with reduced risk of digestive tract cancers, especially stomach, colon, and rectum
(Rea et al. 2010). Also, resveratrol protects the cardiovascular system by mech-
anisms that include defense against ischemic-reperfusion injury, promotion of
vasorelaxation, protection and maintenance of intact endothelium, anti-athero-
sclerotic properties, inhibition of low-density lipoprotein oxidation, suppression of
platelet aggregation, and estrogen-like actions (Krzyzanowska et al. 2010).

1.9 Cheap Foods

Feeding the world requires local, national, and global solutions in view of the
expected world population of 10 billion by 2050. Sustainability must characterize
the socioeconomic infrastructures as well as the scientific and technical compo-
nents. Today almost half the world population lives on $2 a day or less and
although poor, most are not hungry (Hodges 2005). World Trade Organization
(WTO) objectives for world trade include agriculture and food with the hope of
supplying cheap food based on and generated by a capital intensive system.
However, the current paradigm of producing ever cheaper food is found to be
increasingly unsustainable and, if introduced globally, will create a variety of
instabilities. A policy of feeding the growing cities of the developing world with
imported food would remove domestic markets from poor farmers and would also
risk large-scale famine when global food trade breaks down (Pretty et al. 2003).

The cheap food concept is a dinosaur left over from a previous age. It is big,
powerful, anachronistic and consumes vast resources, harms the natural environ-
ment, emits negative influences far from its presence, is difficult to control and
resists a quiet end. Disposing of the cheap food culture will require a colossal
rethink by leaders and opinion makers and will not be easy because of the huge
vested business interests in selling ever more food (Godfray et al. 2010a, b).

In most countries around the world, national food production capacity has been
systematically dismantled and replaced by a growing capacity to produce agro
exports, stimulated by enormous government subsidies to agribusiness, using
taxpayer money (Rosset 2008). It is peasants and family farmers who feed the
people of the world, by and large. Large agribusiness producers in most countries
have an export “vocation.” The result is that we now face one of the tightest
margins in recent history between food reserves and demand, which generates both
rising prices and greater market volatility. In other words, many countries no
longer have either sufficient food reserves or sufficient productive capacity
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(Godfray et al. 2010b). Another important short-term factor is the agro fuel boom.
Agro fuel crops compete for planting area with food crops and cattle pasture. The
major global price increase in the costs of chemical inputs for conventional
farming, as a direct result of the high price of petroleum, is also a major short-term
causal factor. Other factors of recent impact include droughts and other climates
(Rosset 2008).

In Latin America and elsewhere, cheap food energy combined with low
diversity and nutritional quality produces a pattern of obesity, particularly of
women, in combination with household undernutrition (Doak et al. 2000). Early
childhood malnutrition (fetal programming) probably increases susceptibility to
diabetes and other conditions in later life (Popkin et al. 2001). Epidemics of
chronic noncommunicable diseases can be expected to further accelerate in
countries with aging populations.

1.10 Challenges to Reach the Proposed Vision
for Food Production

1.10.1 Climate Change

Climate refers to an ensemble of both average and extreme conditions of its
principal determinants including temperature, precipitation, humidity, wind
velocity, radiation, and cloud cover observed over an extended period of time.
Planet Earth has experienced numerous climate changes throughout its history.
The last drastic climate change occurred between 10,000 and 12,000 BC, which
turned out to be the defining moment in human history because it permitted the
settling of agriculture. In this change, global temperature increased by =5 °C
along with an increase in atmospheric concentration of CO, from 180 to 280 ppm.
This increase in CO, concentration enhanced drastically the biomass production of
C3 plants (e.g., wheat, barley, potato, sugarbeet) and moderately that of C4 plants
(e.g., corn) (Lal 2013b).

Climate change has already caused significant impacts on water resources, food
security, hydropower, and human health, especially for African countries, as well as
to the whole world (Kang et al. 2009). The Intergovernmental Panel on Climate
Change (IPCC) was set up jointly by the World Meteorological Organization and
the United Nations Environment Programme (UNEP) to provide an authoritative
international statement for scientific understanding of climate change. The IPCC
has attributed the observed warming over the last century to anthropogenic emis-
sions of greenhouse gases, especially carbon dioxide (CO,), methane (CH,), and
nitrous oxide (N,O) (Parry 2007). Understanding the potential impacts of climate
change is essential if planned responses to avoid or minimize the negative impacts
and taking advantage of positive impacts are to be successful (Taylor et al. 2013).
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Climate change impacts on agriculture have been identified as potentially the
most serious in terms of numbers of people affected and the severity of impacts on
those least able to cope. Moreover, agriculture is identified as particularly vul-
nerable and particularly critical in terms of global impacts. Given that impacts are
already occurring, and that expected future impacts have economic costs in the
present day, adaptation is clearly necessary and inevitable. New challenges are
emerging in terms of how to interpret the impacts of warming, how farming
systems adapt or are adapted to these changes, and how near-term emissions
mitigation requirements can take place in ways that are consistent with longer term
adaptation plants (Wreford et al. 2010).

Climate factors constitute some of the main constraints on crop and livestock
production and till recently have been assumed as exogenous and unchanging.
While farming has a history of responding to changing conditions, whether they
are economic, social, political, or climate-related, the potential increase in fre-
quency and intensity of extreme climatic events, and other challenges posed by
climate change, now gives rise to a need to reappraise the adaptive capacity of
agricultural systems (Wreford et al. 2010).

Climate change may affect agriculture and food security by altering the spatial
and temporal distribution of rainfall, and the availability of water, land, capital,
biodiversity, and terrestrial resources (Hanjra and Qureshi 2010). The major
climate factors contributing to these responses include increasing atmospheric
carbon dioxide, rising temperature, and increasing extreme events, especially
droughts and floods (Rosenzweig 2007). Climate change may influence the future
occurrence of drought. Drought can have far-reaching consequences for agricul-
ture, ecosystems, water availability, and society. Drought impacts can include
water scarcity, crop failure, wildfires, and famines (Taylor et al. 2013). Moreover,
observations have shown an increase in the severity and duration of droughts over
larger areas since the 1970s (Parry 2007). Modeling by IIASA Fischer et al.
(2007a) shows that future socioeconomic development and climate change may
impact on regional and global irrigation requirements and thus on agricultural
water withdrawals. Net irrigation requirements may increase by 45 % by 2080.
Even with improvements in irrigation efficiency, gross water withdrawals may
increase by 20 %. Global irrigation requirements with climate change will increase
by 20 % above the reference base case scenario. The simulation shows that the
global impacts of climate change on irrigation water requirements could be as
large as the projected increase in irrigation due to socioeconomic development
(Fischer et al. 2007a; Hanjra and Qureshi 2010).

Climate change could impact on rainfall and runoff and the availability of water
for irrigation in many regions and countries in the world. A decline in rainfall
along with an increase in temperature will increase crop water requirement due to
high evapotranspiration while less rainfall will increase crop net irrigation water
requirements. As a result, the already existing water scarcity problem will exac-
erbate in many regions and countries, and affect food production (Hanjra and
Qureshi 2010).
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Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC
AR4) projected that mean annual precipitation will increase in the tropical regions
and at high northern latitudes, and decrease in the subtropics. Meanwhile, pre-
cipitation may increase in one season, while it may decrease in another one. Over
most parts of the globe, the mean annual runoff will increase; however, there are
still some significant areas where runoff will decrease such as middle-east Europe,
northern Africa, Central America, Southern Africa, major parts of southern and
western Australia, and various areas of South America (Parry 2007).

Climate variability is one of the most significant factors influencing year-
to-year crop production, even in high-yield and high-technology agricultural areas
(Kang et al. 2009). Investments aimed at improving agricultural adaptation to
climate change inevitably favor some crops and regions over others. Crop yields
affected by climate change are projected to be different in various areas. Studies
done to date show that negative and positive effects will occur both within
countries and across the world and agricultural regions will be affected quite
differently. In some areas crop yields will increase, and in other areas it will
decrease depending on the latitude of the area and irrigation application (Kang
et al. 2009). For example, some regions will experience increases in production
and some will experience declines (Reilly et al. 2003). Also, developing countries
are more vulnerable than developed countries. This is because most developing
countries are located in lower latitude regions (some of which are indeed semi-
arid), while most developed countries are located in the more humid mid to high
latitudes. Thus, higher temperatures will intensify the evaporative demand of the
atmosphere, leading to greater water stress, especially in semi-arid regions and as a
result many crops will be pushed beyond their limits of optimal growth and yield.
This suggests a divergence in vulnerability between these groups of nations
(Rosenzweig 2007).

Farmers have dealt with climatic fluctuations since the advent of agriculture,
and improving strategies for dealing with present climate extremes such as
droughts, floods, and heat waves is an important way to prepare for climate change
(Rosenzweig et al. 2001). The crop yield can be increased with irrigation appli-
cation and precipitation increase during the crop growth; meanwhile, crop yield is
more sensitive to the precipitation than temperature. If water availability is
reduced in the future, soil of high water holding capacity will be better to reduce
the frequency of drought and improve the crop yield (Kang et al. 2009). With
climate change, the growing period will reduce, and the planting date also needs to
change for higher crop production. Climate change can decrease the crop rotation
period, so farmers need to consider crop varieties, sowing dates, crop densities,
and fertilization levels when planting crops (Cuculeanu et al. 2002). So adaptation
is a key factor that will shape the future severity of climate change impacts on food
production. Although relatively inexpensive changes, such as shifting planting
dates or switching to an existing crop variety, may moderate negative impacts, the
biggest benefits will likely result from more costly measures including the
development of new crop varieties and expansion of irrigation (Lobell et al. 2008).
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Adverse effects of climate change on soil quality may be due to depletion of soil
organic carbon (SOC) pool, decline in plant available water capacity (AWC),
reduction in soil fertility and use efficiency of nutrients, decline in structure with
attendant adverse impacts on vulnerability to degradation including crusting,
compaction, accelerated erosion, and salinization. Climate change may also
adversely affect water resources through alterations in the hydrologic balance, and
high soil erosion may exacerbate nonpoint source pollution (Lal 2013a).

On the other hand, global warming has been speculated to increase yields due to
the “fertilizer effect” of rising atmospheric carbon, but the impacts are likely to be
net negative for poor countries. For example, global warming will reduce food
production in countries closer to the equator (Droogers and Aerts 2005).

It is believed that climate change will increase water scarcity in the coming
decades. With temperature increasing and precipitation fluctuating, water avail-
ability and crop production will decrease in the future. If the irrigated areas are
expanded, the total crop yield will increase; however, food and environmental
quality may degrade. And even if new supplies are added to existing ones, water
might not be sufficient for increased food demand (Kang et al. 2009; Hanjra and
Qureshi 2010).

1.10.2 Diminish in Water Availability

All organisms, including humans, require water for their survival. Although there
is a lot of water on Earth, only a small amount of water is easily accessible (Oki
and Kanae 2006). The Water Atlas reports a volume of 1,386 million Gm® of
water on Earth, which consists of 97.5 % saline water and 2.5 % freshwater, most
of which is stored as glaciers or deep groundwater. Out of 35 million Gm®> of
freshwater on Earth, approximately 30.5 % is available for human use. This
amounts to 10.5 million Gm®> water as groundwater and 0.13 million Gm® in
lakes, soil, wetlands, etc. (Clarke and King 2004). The availability of freshwater
for human use was mapped by the International Water Management Institute
(IWMI). Irregularities in precipitation spatial distribution divide the globe into
water-scarce and water abundant regions. The abundant water locations around the
globe with less than 25 % water withdrawals were grouped by IWMI as regions of
little or no water scarcity. If more than two-thirds of the available water was
withdrawn in a location, this was accounted as physical water scarcity (IWMI
2008). The locations with more than 60 % withdrawals were labeled as
approaching physical water scarcity.

Global demand for water has tripled since the 1950s, but the supply of fresh-
water has been declining. Half a billion people live in water-stressed or water-
scarce countries, and by 2025 that number will grow to 3 billion due to an increase
in population (Hanjra and Qureshi 2010).

Water availability will be one of the limiting constraints for crop production
and food security. It is known that water resources play a vital role in human
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prosperity and crop productivity, being irrigated agriculture the dominant user of
water, accounting for about 85 % of global water use and projected to double by
2050 (Molden 2007; Pfister et al. 2011). Irrigated area is expected to rise by a
factor of 1.9 by 2050, while climate change is amplifying water stress by changing
patterns of water availability in many parts of the world (Lobell et al. 2008).
Because of that, the importance of cost analysis of water in the agricultural sector
would increase.

The world’s agriculture, hydroelectric power, and water supplies depend on
different components of the hydrological cycle, including the natural replenish-
ment of surface and groundwater resources (Kang et al. 2009). Fujihara et al.
(2008) pointed out that water scarcity will not occur if water demand does not
increase; however, if the irrigated area is expanded under present irrigation effi-
ciency rates, water scarcity will occur. Moreover, water availability is under threat
from changing climate because of possible precipitation decrease in some regions
of the world. In light of the uncertainties of climate variability, water demand, and
socioeconomic environmental effects, it is urgent to take some measures to use the
limited water efficiently and develop some new water resources (Kang et al. 2009).

The challenges of water scarcity are heightened by the increasing costs of
developing new water sources, land degradation in irrigated areas, groundwater
depletion, water pollution, and ecosystem degradation (Hanjra and Qureshi 2010).

Rosegrant and Cai (2002) estimated that under their baseline scenario, total
global water withdrawals for agricultural, domestic, and industrial use will
increase by 23 % from 1995 to 2025. The availability of sufficient water resources
is one of the major crises with overarching implications for many other world
problems especially poverty, hunger, ecosystem degradation, desertification, cli-
mate change, and even world peace and security (Khan and Hanjra 2009).

In China, where more than 300 cities already are short of water, these shortages
are intensifying (Khan et al. 2009). Water resources, critical for irrigation, are
under great stress as populous cities, states, and countries require and withdraw
more water from rivers, lakes, and aquifers every year (Hanjra and Qureshi 2010).

Recent flooding and heavy precipitation events worldwide have caused great
damage to crop production (Rosenzweig 2007). If the frequency of these weather
extremes were to increase in the near future, the cost of crop losses in the coming
decades could rise dramatically. On the other hand, The Fourth assessment report
(AR4) from the IPCC projected that drought-affected areas are likely to increase in
extent in the future, with Europe, the Mediterranean, and southern areas of
Australia at particularly high risk in the summer months (Gosling et al. 2011).
Moreover, significant increases in drought have also been projected for West
Africa, Central Asia, Central America, western Australia, the Middle-East, Indo-
china, and mid-latitude North American regions (Hirabayashi et al. 2008; Sheffield
and Wood 2008; Sillmann and Roeckner 2008).

In the twenty-first century, global agriculture has met the new challenge,
namely to increase food production for the growing population under increasing
scarce water resources, which can be achieved by improving crop water produc-
tivity (Kijne et al. 2003).
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Tebaldi and Lobell (2008) applied probabilistic methods to demonstrate that
projected changes in temperature and precipitation negatively affect global crop
yields by causing a decrease in yield of about 9 % (with 95 % probability intervals
of 1.7-17 %) for barley, of 13 % (5-25 %) for maize and of 5 % (1-10 %) for
wheat. So water for agriculture is critical for future global food security. However,
continued increase in demand for water by nonagricultural uses, such as urban and
industrial uses have put irrigation water demand under greater scrutiny and
threatened food security (Hanjra and Qureshi 2010). Continued increase in demand
for irrigation water over many years has led to changed water flows, land clearing,
and therefore deteriorated stream water quality. Addressing these environmental
concerns and fulfilling urban and industrial water demand will require diverting
water away from irrigation. This will reduce irrigated area and its production and
impact on future food security (Hanjra and Qureshi 2010).

Water productivity is a concept to express the value or benefit derived from the
use of water and includes essential aspects of water management such as
production for arid and semi-arid regions (Kijne et al. 2003). Increasing water
productivity means either to produce the same yield with less water resources or to
obtain higher crop yields with the same water resources (Zwart and Bastiaanssen
2004).

1.10.3 Few Fields for Agriculture

Land-use intensity is one of the most significant forms of land cover modification,
and can have a major detrimental impact on terrestrial and aquatic ecosystems.
Agricultural land transformation and occupation have direct ecological impacts on
sites as well as on the surrounding landscape. Generally, crop production deprives
the land of most ecological value.

Many developed countries are experiencing environmental pollution due to
intensive agricultural activities, including intensive crop and livestock production.
Intensive agricultural activities have been identified as the major sources of
nonpoint source pollutants and are known to alter and impact the quality of the
receiving water bodies (Zhang et al. 2012).

There are already 3.5 Gha (Gigahectare = 109 Ha) or 23.5 % of the total land
which has been degraded to some degree (Bai et al. 2008) by a range of processes
such as accelerated soil erosion (by water and wind), salinization, nutrient/
elemental imbalance, depletion of soil organic C (SOC), and other processes which
undermine the physical, chemical, and biological quality of soil (Lal 2013b).
Urbanization, surface sealing, and brick making are other factors already affecting
300 Mha worldwide (Lal and Augustin 2011).

Over the 50-year period between 1961 and 2011, land area under agriculture
increased modestly at the rate of 8.2 million ha for agricultural land, 6.3 for
grazing land, 1.9 for cropland, and 3.0 for irrigated land. But in the recent years,
cropland has been reduced by 13 % and pasture by 4 %. According to the Food
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and Agriculture Organization (FAO), world agricultural production growth is
expected to fall by 1.5 % per year to 2030 and then a further reduction by 0.9 % to
2050, compared with 2.3 % growth per year since 1961 (Bruinsma 2003).

Food demands of the 7.2 billion population of 2013 are presently met through
utilization of 4.9 gigahectare of land under agricultural production or 33.1 % of
the total land area of 14.8 Gha. However, only 10.0 Gha is suitable for production
of crops and/or livestock. The remaining 4.8 Gha (32.4 % of the total land area) is
too dry, too hot, too cold, too shallow, or too steep. Moreover, land area available
for agriculture is dwindling, and being degraded, eroded, salinized, contaminated,
polluted, sealed up, and converted to nonagricultural uses (e.g., urban, recrea-
tional, industrial, biofuel) (Lal 2013b).

1.10.4 Necessary Increasing in Food Production

Food security is defined by the FAO (2002) as a “situation that exists when all
people, at all times, have physical, social and economic access to sufficient, safe
and nutritious food that meets their dietary needs and food preferences for an active
and healthy life.” This definition involves four aspects of food security, namely
food availability, food stability, food access, and food utilization (Schmidhuber and
Tubiello 2007). Food security is increasingly important for humans all over the
world. Food availability and food quality still are the big challenges for scientists
due to changing climate. Further research on food security needs to integrate
population, crop production, climate change, and water availability (Kang et al.
2009).

Coping with population growth as well as additional per capita food demand
represents a major challenge in feeding humanity in the future. The world average
caloric intake of about 2,800 kcal per person per day in the year 2000 is judged
adequate for average activities. However, there are still about 570 million people
living in countries with an average of less than 2,200 kcal per person per day,
which is considered the minimal amount to meet the basic nutritional needs.

The high and widening inequality and income gap between the rich and the
poor is a serious concern; though it is amazing that while 1 billion people are
hungry in the developing world, a significant proportion of the population in the
developed countries is obese (Barrett 2010).

Achieving food security under climate change is a complex public policy.
Global food security threatened by climate change is one of the most important
challenges in the twenty-first century to supply sufficient food for the increasing
population while sustaining the already stressed environment (Kang et al. 2009).
Alcamo et al. (2007) evaluated present and future climate scenario impacts on food
security and water availability in 2020 and 2070 and provided some measures to
enlarge potential crop production such as diversifying crops and expanding the
rainfed and irrigated agriculture areas.
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Current global food production comes from 1.5 billion ha of cultivated land,
representing 12 % of the total land area. About 1.1 billion ha is rainfed with no
irrigation systems. Thus rainfed agriculture is practiced on about 80 % of world’s
physical agricultural area and generates about 60 % of the world’s staple food. The
other 40 % was supplied by agricultural land cultivated through irrigation which
only represents 19 % (Evenson and Gollin 2003; FAO 2010; Molden et al. 2010).

Pfister et al. (2011) illustrated the potential consequences of increasing agri-
cultural production. Their study reveals possibilities to decrease the specific
environmental impacts with good agricultural practice and well-distributed
expansion and/or intensification on existing cropland. Also, they found that in
order to feed the future generations, it seems necessary to develop agriculture in
developing countries (particularly in Africa and parts of South America). But this
needs to be done wisely because land and water resources will become increas-
ingly stressed. Khan and Hanjra (2009) reviewed water management and crop
production for food security in China, and pointed out that it is necessary to
integrate climate, energy, food, environment, and population together to discuss
future food security in China, and in the world as well.

The severity of the water crisis has prompted the United Nations (Watkins
2009) to conclude that it is water scarcity, and not a lack of arable land that will be
the major constraint to increased food production over the next few decades.
Australia is one of the major food-producing and land abundant countries
but recent drought reduced its agricultural and food production substantially
(Goesch et al. 2007). Drought in other food-producing countries such as parts of
the United States of America and Europe is regarded as one of the major factors
that contributed to the global food price crisis of 2008 (Piesse and Thirtle 2009).

Nevertheless, water scarcity remains the primary constraint to global food
production. Reduction in irrigation water will cause decline in agricultural and
food production. Major food-producing areas such as the Punjab of India and
Pakistan, and the central and northern areas of China suffer from the depletion of
aquifers and the transfer of water from irrigation to growing cities, with impli-
cations for food security. While irrigation almost always doubles productivity
(Hanjra et al. 2009; Namara et al. 2010), higher energy and fertilizer prices present
complex issues to these smallholder’s irrigated systems. Loss of productive land to
urbanization, and water logging and salinity are critical constraints. For example,
in Indonesia in the last 5 years, about 1 million ha of farmland has been lost to
urbanization due to industrial and infrastructure development (Halim et al. 2007).

A key challenge facing agriculture in the twenty-first century is how to feed a
world with a continuously growing and increasingly affluent population which is
projected to increase to about 9 billion by 2050. This will increase the demand for
irrigation water to meet food production requirements and household and indus-
trial demand. In response to population growth and rising incomes, worldwide
cereals and meat demand has been projected to increase by 65 and 56 %,
respectively (Hanjra and Qureshi 2010). The world demand for cereals was
1.2 billion tons in 1974, 1.84 in 1997, and is projected to be 2.50 billion tons in
2020. The global demand for meat was 109 million tons in 1974, 208 in 1997, and
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is projected to be 327 in 2020 (Rosegrant and Cai 2002). The rate of increase in
food demand is expected to be greater in developing than developed countries.
Due to strong economic growth, millions of people will buy diets far richer in
protein, in the cases of China and India, three to five times richer.

World agriculture is at a crossroads and has limited resources. It must produce
more from less per capita land and water resources and under changing and harsh
climate (Vermeulen et al. 2012). FAO mentioned that biotechnology can be an
approach to improve food security and reduce the environmental pressure
(Bruinsma 2003). Meanwhile, modified crop varieties resisting drought, water
logging, salinity, and extreme climate, can expand the crop planting area such as in
the degraded soils, consequently, to increase food availability in the future.
Feeding a growing, urbanized, and affluent population in a rapidly globalized
world will be a global challenge. Thus unprecedented global cooperation will be
inevitable in sustaining food production and improving global food security
(Hanjra and Qureshi 2010). Additionally, future food supply will be determined by
prudent management of the global agricultural resources and smart investments in
technologies along with reforms in institutions and policies to achieve sizeable
increase in food production (Herrero et al. 2010).

1.11 Current Options to Overcome the Challenges
1.11.1 Genetic Potential in Plants

Developing crops that are better adapted to abiotic stresses is important for food
production in many parts of the world today. Anticipated changes in climate and
its variability, particularly extreme temperatures and changes in rainfall, are
expected to make crop improvement even more crucial for food production
(Varshney et al. 2011).

The objective of plant breeding for stress environments is to accumulate
favorable alleles that contribute to stress tolerance in a plant genome. Genes that
confer stress resistance can be sourced from germplasm collections, including wild
relatives of crops that are held in gene banks or organisms that currently live in
habitats of water deficit or excess, extreme temperature, and salinity that have
evolved to cope with those conditions (Nevo and Chen 2010; Varshney et al. 2011).

Superior genes or alleles where they have been identified in the same species can
be transferred to elite genotypes through molecular breeding (MB). Molecular plant
breeding has the potential to deliver improvements, once the component traits and
the genes underlying these traits have been identified. These can be incorporated into
new cultivars using conventional or biotechnological tools (Parry and Hawkesford
2012). Moreover, by using an approach such as genetic engineering (GE), there is no
barrier to transferring useful genes or alleles across different species from the animal
or plant kingdoms. Several key approaches for improved crop productivity in an
environment with high temperature, high CO,, and high ozone have been used.
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These included manipulating leaf photosynthesis, photosynthate partitioning, total
biomass production, and nitrogen use efficiency (NUE). NUE may be defined as the
yield as a function of available nitrogen, and therefore improvements in yield will
implicitly deliver enhanced NUE (Parry and Hawkesford 2012). Improved NUE in
crops should lead to reduced fertilizer application and thereby lower emissions of
greenhouse gases into the atmosphere (Varshney et al. 2011).

Significant advances have been made in the area of genomics over the past
10 years. Genome sequences are available now for many crop species. Furthermore,
the advent of so-called “next-generation sequencing” (NGS) technologies has made
it possible to sequence the transcriptomes or genomes of any species relatively
quickly and cheaply (Varshney et al. 2009). These genome or transcriptome
sequences coupled with genetic approaches can be used for identifying suitable
genes conferring stress tolerance that can be deployed in crop improvement.

The molecular breeding approach involves first identifying quantitative trait
loci (QTLs) for traits of interest, such as tolerance to abiotic stresses. Once the
markers associated with QTLs were identified, the candidate QTLs or genes can be
introgressed in elite lines through marker-assisted backcrossing (MABC), marker-
assisted recurrent selection (MARS), or genome-wide selection (GWS) (Varshney
et al. 2011).

The concern for global food security results from an impending imbalance
between the supply and demand of the major food crops (wheat, rice, and maize).
The predicted increase in temperatures, as well as decreased and more erratic
rainfall as a result of global climate change, are projected to decrease global yields
of crops. As a consequence, a need for a substantial acceleration in crop improve-
ments is required (Parry and Hawkesford 2012). To do this, it is needed to increased
productivity through plant breeding and improvements in agronomy to increase both
the yield potential and the actual yields achieved by farmers. Genetic gains will be
required in addition to agronomic improvements (Leegood et al. 2010).

Molecular breeding should best focus on constitutive traits that give good
performance under drought stress. Traits related to root architecture and function
are often difficult to assess under field conditions but are obvious targets for
both selection and manipulation. Canopy traits that relate to sustaining high
photosynthetic rate at low stomatal conductance are also important (Parry and
Hawkesford 2012).

Knowledge gained from wide germplasm screening will inform on require-
ments for novel genes/alleles to be introduced through nonclassical means, such as
gene transformation. Mutagenesis has been widely used to generate new variations
in genomes. Mutations may be generated by irradiation or chemical treatment; the
changes can result in large-scale deletions of DNA, or may only involve point
mutations. While most often the performance of mutants is generally inferior to the
wild type, occasionally lines with improved performance with respect to any trait
can be selected. Moreover, mutagenesis also has the advantage over RNAi and
similar methods of being able to target individual members of gene families and
therefore potentially target gene function in specific tissues and at specific times
(Parry et al. 2009).
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1.11.2 Trying to Control Climate in Plant Production

Agriculture, broadly speaking, is the activity in which the farmer attempts to
integrate agroecological factors and production inputs for optimum crop produc-
tion. Greenhouses are one of the examples of modern agriculture that has emerged
with the perspective of growing any plant in any place at any time by providing
suitable environmental conditions inside them. This technology allows to optimize
crop production in areas or periods of the year not appropriate for open field
cultivation (Scarascia Mugnozza 1995). The greenhouse surface area nearly
doubled from 1980 (150,000 ha) to 1995 (280,000 ha) (Zhang 2003). It is stated
that the production per cultivate unit area of a greenhouse is higher than that in the
field. For example, the production per cultivated unit area of a greenhouse tomato
crop (>50 kg/m?) is 10 times superior to that of a field crop.

Greenhouses are spaces covered with transparent materials, large enough to let
plants grow under a partial of fully controlled environment. Through the manip-
ulation of actions like heating, ventilation, and CO, enrichment the environment
inside the greenhouse is different from the outside. Their presence will be con-
sidered a very common element of agricultural activities in the near future because
they enable to grow crops by overcoming adverse weather conditions. Due to the
adequate environmental conditions for plant growth and development, greenhouse
protected agriculture could face the challenge to increase food production con-
sidering the growth of global population. Greenhouses are presented as a good
alternative to tap water use and to protect crops from sudden temperature changes
and adverse conditions such as wind, rain, pests, animals, and pollution. Inside
them are created artificial microclimate conditions that allow cultivation in any
season and create optimal levels of solar radiation, temperature, humidity of air
and soil (Pawlowski et al. 2009), thereby producing higher yielding crops in open
field cultivation (Mdzner et al. 2012).

Despite their geographic location, greenhouse climate control systems consist
of fundamental control components that can provide a greater or lesser amount
of climate control, and subsequent plant growth and productivity depending on
their design and complexity. As mentioned by Kittas et al. (2012), an accurate
greenhouse climate control becomes more important at the end of the twentieth
century, when the interest in topics on food, safety, and environmental pollution
encouraged extensive research in the development of protected agriculture.

Temperature is the most significant variable of the greenhouse climate that
needs to be controlled and it is usually controlled. A vast range of plants grown in
greenhouses are warm-season species (Moretti et al. 2010). They are commonly
adapted to average temperatures in the range 17-27 °C, with lower and upper
temperature limits of 10 and 35 °C, for this reason in order to maintain adequate
temperature inside the greenhouse, both heating or cooling systems are required.
The second important variable to be controlled in the greenhouse climate is
humidity. It is commonly expressed in terms of relative humidity. Relative
humidity within the range 60-90 % is suitable for plant growth. Values below
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60 % can cause water stress. A low-relative humidity may happen during venti-
lation in arid climates, or when plants are young with small leaves. On the other
hand, serious problems can occur if the relative humidity exceeds 95 % for long
periods because this favors the rapid development of fungus diseases.

Cooling and heating methods/systems to control greenhouses environment may
include natural ventilation, shading screens, whitewashing, force ventilation,
evaporative cooling (fogging, sprinklers, wet pads), piping hot, and hot air gen-
eration (Baille 2004). The option to be used for control of climate inside a
greenhouse depends on the investment grade, the margin between the increase in
crop value, and the cost.

Greenhouses provide many advantages as well as several disadvantages. The
former are related to the harvest of high-quality agricultural products, increases
in volume production, obtaining of off-seasonal products and pest and disease
attacks are reduced to a minimum. The latter include high initial cost, high cost
maintenance, and specialized operation to effectively control climate inside the
greenhouse.

Much research is currently performed in order that in future greenhouses,
control can be made by plant monitoring methods through image analysis which
simulates the action of the greenhouse grower in evaluating the physiological
processes and the plant growth stages. Also, relevant studies are carried out related
to establishing setting points for the greenhouse microclimate control taking into
account plant processes such as transpiration and photosynthesis that vary with the
day and vegetative state of the plant. Advantages and disadvantages of control
theories applied in greenhouse climate control systems are summarized by Galvan
et al. (2012).

Horticulture in a protected greenhouse environment is increasing rapidly and it
is consequently increasing in its economic and social importance. For this reason,
the development of better greenhouse cover material, crop substrates, accurate
ways to achieve appropriate climate conditions to ensure high-yield, and quality
crops reducing energy consumption will continue to be topics of research, since
they are closely related to the future of agriculture. They are related to the manner
in which food products are going to be produced in order to satisfy the food
requirements related to quantity and quality of an increasing population.

1.11.3 Strategies for Increasing Yield in Fresh Weight
and Phytochemicals

At this point, it is necessary to define some important concepts that many times are
misunderstood. To have this common frame of concepts will facilitate the
understanding of the subsequent paragraphs.

Phytochemicals a variety of compounds made by plants. Chemical compounds
from naturally occurring in plants. They are responsible for the odor, taste, and
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color of plants and act as a natural defense system against disease and infection.
Phytochemicals include a wide range of chemical structures with diverse physio-
logical functions such as carotenoids, phenolic compounds, glucosinolates, sapo-
nins, sulfides, phytosterols, phytoestrogens, monoterpenes, and protease inhibitors.

Bioactive a substance or a compound that has a biological activity on a living
organism. The concept is usually only associated with positive effects on an
organism. They are extranutritional constituents that usually occur in small
quantities in foods and could display antimicrobial, antioxidant, anti-carcinogenic
properties, etc.

Secondary metabolite chemicals produced by plants for which no role has yet
been found in growth, photosynthesis, reproduction, or other “primary” function.
It can serve as a signal molecule to attract pollinators and seed-dispersers, or
mediate pathogenic, parasitic, or symbiotic interactions.

Nutraceuticals commodities derived from foods, but are used in the medicinal
form of pills, capsules, potions and liquids, and again render demonstrated
physiological benefits.

Functional food products that resemble traditional foods but possess demon-
strated physiological benefits.

Conventional agricultural practices farming system that alter or change the
natural environment through tilling of the soil and installation of irrigation
systems. It uses inorganic fertilizers, pesticides, one crop. It has two objectives:
maximize crop yield and earnings.

Organic agricultural practices system of farming that enhances biodiversity
and soil biological activity. The use of off-farm inputs and on management
practices is minimum. It is only allow use of organic amendments or organic
fertilizers.

Integrated agricultural practices in this practice the use of pesticides and
chemicals is limited. There is a sober-headed application of biotechnological,
biological, chemical treatments, culture practices, and plant selection.

Elicitors chemicals or biofactors that can induce physiological changes in a
target living organism. They can trigger physiological and morphological
responses, as well as phytoalexin accumulation (Zhao et al. 2005).

It is expressed by the Royal Society that “food security is one of this century’s
key global challenges” (Davies et al. 2009). The world population is estimated to
increase up to 9 billion by 2050. Consequently demand for food will rise. As
plants feed humans, either directly or indirectly, it remains a clear challenge to
define how agricultural production could encourage health for all people. During
the past years, the primary objective of agriculture has been to increase yield in
order to feed a growing population; notwithstanding, the challenge is not just a
matter of increasing crop yield, but also the amount of bioactive compounds in
agricultural products (McGloughlin 2010).

Agricultural practices have usually focused on providing to plants all the
necessary conditions (temperature, radiation, humidity, fertilizers, etc.) to increase
yield (Bennett et al. 2012); however, these measures have depressed the synthesis
of secondary metabolites since these products are produced during conditions of
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stress (Frost et al. 2008). Plants are not only a source of carbohydrates, proteins,
and fats for food but also they are a valuable source of a wide range of secondary
metabolites (Gry et al. 2007). These metabolites are needed by plants to defend
themselves in a hostile environment (protection against predation, protection
against fungal and bacterial diseases, or against adverse climatic conditions), but
also they are useful to herbivores like humans, because they have beneficial effects
on health (Rea et al. 2010). For this reason, phytochemicals with bioactive
properties are attracting increased interest from consumers. Hence, improvements
in agricultural practices, as mentioned before, should focus not only on yield, but
also on the maintenance and/or augmentation of bioactive phytochemicals present
in plants.

Epidemiological studies have demonstrated an inverse association between fruit
and vegetable intake and chronic diseases (Alwan 2011). Some secondary
metabolites have been indicated to be responsible for this observed protective
effect. Nevertheless, population studies have demonstrated an inadequate con-
sumption of fruit and vegetable. To increase consumption of fruit and vegetables
has been a public health effort for years, but with minimal success. As the amount
of fruits and vegetables does not seem to increase, it results in an approach that the
development of fresh product containing a greater concentration of phytochemicals
with biological activity. Controlled greenhouse environments provides an oppor-
tunity to modify not only the concentration of phytochemicals in fruit and vege-
tables but also the yield (Kubota et al. 2006). However, further knowledge to
improve this practice is still needed.

Although the presence of bioactive compounds in vegetables and fruits depend
both quantitatively and qualitatively on their genetic bases (Hervert-Hernandez
et al. 2010), they could be increased through modifications of environmental
conditions and crop management strategies (fertilization, efficient water manage-
ment, and techniques such as grafting). It is known that even the maturity state of a
fruit or vegetable, harvest time, postharvest storage, and processing could
affect the amount of secondary metabolites present in agricultural products
(Ghasemnezhad et al. 2011).

Fertilization and agronomic condition such as organic and inorganic soil
composition are relevant factors that affect not only crop yield, but also quality
(Martinez-Ballesta et al. 2008). For example, sulfur and nitrogen fertilization has
an impact in the plant glucosinolate content. An increased sulfur supply has been
shown to result in higher levels of total glucosinolates. High N supply delayed the
accumulation of phenolic compounds. Marin et al. (2008) report that sweet pep-
pers grown in a greenhouse in a soil-less system showed similar or even higher
concentrations of antioxidant compounds (vitamin C, provitamin A, total carot-
enoid, hydroxycinnamic acids, and flavonoids) than organic peppers. Chassy et al.
(2006) indicate that no cropping systems differences exist between organic and
conventional managed bell pepper, nonetheless it is also mentioned that these
differences are difficult to establish due to uncontrollable conditions such as
region, climate, soil quality, occurrence, and prevalence of pests and diseases.
Conversely, Kim et al. (2010) reported in both green and red fruits, the ascorbic
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acid content in the organically grown hot pepper (OG) was significantly higher
than the conventionally grown hot pepper (CG). Also, the content flavonoids
(apigenin, luteolin, quercetin) and total phenolics in OG was typically higher than
in CG. Organic practices also increased the ABTS radical-scavenging of red fruits.
Mitchell et al. (2007) established similar findings in a 10-year comparison of the
OG and CG on the flavonoid content in tomatoes.

Organic manure and mineral fertilizers have a positive effect on the antioxidant,
polyphenols, and total carotenoid content, nevertheless, with the association of the
two fertilizers major results are obtained. Combinations using doses of nitrogen,
phosphorus, and potassium of 15, 30, and 45 kg/ha, respectively, associated with
an annual or biennial fertilizer of 20 ton/ha gave the highest values of total
antioxidant, polyphenolic, and carotenoid concentrations in Orange-fleshed
sweetpotato tubers (Koala et al. 2013). It is postulated that fertilization with
growth-limiting nutrients will lead to decreased concentrations of carbon-based
secondary metabolites. This statement is known as the carbon/nitrogen balance
(CNB) hypothesis (Bryant et al. 1983). Some studies have followed the predictions
of this hypothesis while others have failed (Millard and Way 2011).

Roussos et al. (2011) stated that apricot cultivar subjected to fruit thinning
during pit hardening, enhanced the morphological traits of apricot fruits as well as
their phytochemical content. Biotic and abiotic stress could increase the presence
of secondary metabolites in plants. Navarro et al. (2006) indicate that peppers
collected in the red state presented an increase in antioxidant activity, total
phenolics, ascorbic acid, lycopene, and f-carotene when moderate-saline (15 mM)
irrigation water is used. It has been found that the content of f-carotene in tomato
increased as the quality of irrigation water decreased. Decreased irrigation caused
the glucosinolate content to double in broccoli. Deficit irrigation strategies are
tools for managing plant growth and improving fruit quality and water use effi-
ciency, while maintaining yields. Stefanelli et al. (2010) investigate the effect of
minimal water use in a wide range of crops concluding that by carefully manip-
ulating nutrient elements in horticulture it is possible to obtain both fruit quality
and yield.

Many studies indicate that plants exposed to high or low (29-33 or 11-16 °C),
rather than optimal intermediate growth temperatures (21 °C), produce the highest
levels of glucosinolates (Bjorkman et al. 2011). Other factors that impact the
plant’s secondary metabolite content are the light intensity (irradiation), photo-
period, and light quality (wavelength). Plants have developed protective mecha-
nisms against damaging elevated doses of UV radiation (280-315 nm) and
extreme light intensities. UV-B radiation impacts on the levels of secondary
metabolites like phenolic compounds, terpenoids, and alkaloids. Long periods
seem to have a positive effect on glucosinolate content. Broccoli sprouting in light
had higher total glucosinolate levels in roots and shoots when compared to the
ones in darkness (Pérez-Balibrea et al. 2008).

Additionally to environmental factors, plants are subjected to biotic stress such
as herbivore and pathogenic attacks. Perception, transduction, and propagation of
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Table 1.2 Influence of some environmental factors on the production of secondary metabolite

Stress factor Plant species Secondary metabolite References

Salinity Pepper Lycopene Navarro et al. (2006)
Phenols

Radiation Pepper Flavonoids Sarghein et al. (2008)

Electrical conductivity Tomatoes Lycopene Wu and Kubota (2008)

Heat shock, chilling, radiation Lettuce Phenolic compounds ~ Oh et al. (2009)

stress signals lead to the production of a great amount of secondary metabolites
due to the activation of different defense pathways (Ncube et al. 2012).

Application of pre-postharvest elicitors can trigger distinct changes in the
secondary metabolism of plants. The effect of elicitors in plant’s metabolism is
reviewed in the next section.

In summary, since plants are sessile organisms, they cannot escape from extreme
environmental conditions, thus they have evolved complex mechanisms in order to
adapt to the conditions to which they are exposed (Ramakrishna and Ravishankar
2011). Secondary metabolites are an integral component of the plant adaptive
mechanisms. The relation between environment and agronomic practices on plant
secondary metabolites may be direct or indirect, cultivar and crop specific, and
short-lived or sustained. However, further knowledge of plant metabolism is still
needed, because currently, although possible, it is a difficult issue to achieve both
yield and phytochemical production (Martinez-Ballesta et al. 2008) (Table 1.2).

1.11.3.1 Elicitors Application in a Space-Time Manner in Plants

The first idea for the use of elicitors in agriculture was related to the increasing of
plant resistance to pathogens (Boughton et al. 2006), however, it was found that
they also increase the plant secondary metabolites because they mimic various
stresses encountered by a plant. Consequently, they are seen as an alternative for
obtaining plants with improved health properties (Ruiz-Garcia and Gémez-Plaza
2013) and as a way to develop sustainable agriculture production; taking into
account not only a minimized use of pesticides but also their use in crops could
improve consumer’s health (Capanoglu 2010).

Plant defense mechanisms are based on prevention, tolerance, or resistance
(Thakur 2007). These mechanisms are activated in different ways, depending on
the type of pathogens attacking the plant (or biotrophs appearing necrotrophic)
(Jalali et al. 2006). Such mechanisms may be constitutive or induced. The first
provides protection of initial invasion of a pathogenic agent by physical barriers or
preformed biochemical. Whereas induced resistance is only activated as a response
to pathogen attack (Cruz-Borruel et al. 2006). Activation of an effective defense by
plant is based on speed with which it can recognize the pathogen (Fornoni et al.
2004). This is achieved through the activation signals induced by nonspecific
elicitors and specific compounds that are first recognized by the plant to activate
signaling cascade and therefore defense response (Ebel and Cosio 1994).
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Chemical elicitors are compounds, which activate defense in plants through
various biosynthetic pathways depending on the compound used; nevertheless it is
possible to elicit the plant due to physical conditions such as UV and gamma
radiation and high and low temperature, among others. These topics were dis-
cussed in Sect. 5.3.

Depending on the type of attack, the plant activates different signaling pathways
to synthesize a specific set of defensive compounds such as terpenes, phenolics,
and nitrogen and sulfur containing compounds (Mazid 2011). Some physiological
responses to elicitors are not directly defensive, but can also serve to defend plants
indirectly (Rohwer and Erwin 2008). It is commonly known that the salicylic (SA)
pathway is initiated by biotrophic pathogens, while jasmonic acid (JA) and eth-
ylene (ET) response is initiated by necrotrophic pathogens, although the final
defense response may involve crosstalk among these biosynthetic pathways.
Commonly, chemical elicitors include salicylic acid, methyl jasmonate, ethylene,
and chitosan. Natural and synthetic compounds (carbohydrate polymers, lipids,
glycopeptides, and glycoproteins) that can be used as elicitors have emerged due to
the better understanding of plant signaling (Montesano et al. 2003), for example
oxalic acid, calcium chloride, benzo(1,2,3)thiadiazole-7-Carbothioic Acid
S-methyl Ester (BTH), potassium silicate, carrageenan, harpin, 2,6-Dichloroison-
icotinic (INA), f-Aminobutyric acid (BABA) (Conrath 2009).

Elicitors could be delivered to the plant in different manners: fumigation,
spraying, pellets, paste, and irrigation. They can be applied to the whole plant or to
a selected part of it (pre or postharvest). To obtain fruit and vegetables with high
concentration of phytochemicals, postharvest elicitor treatments might be used
either singularly or in combination. Also, the concentration of the elicitor may
differ as well as the growth stage of the plants at the time of elicitation and the
contact time of elicitation (Rijhwani and Shanks 1998).

There is no consensus on these topics, since each plant family, genus, and
species produces a characteristic mix of secondary metabolites, however, they have
in common that elicitors induce plant signaling that serves as a guide to a series of
intracellular events (e.g., production of ROS) (Shilpa et al. 2010), that finally lead to
the expression of defense genes that are activated when the elicitor is recognized on
plant by a receptor (protein), causing the release of defense strategies such as the
production of secondary metabolites and plant volatiles. Jeong and Park (2005)
state that further knowledge is needed about the mode of action of elicitors; con-
sequently the effect of elicitation on a plant cannot be easily predicted. For this
reason, it is common that elicitation methods are performed by trial and error.

It is indicated that the use of elicitors might result in a more resistant plant
through the production of secondary metabolites, but their production reduces plant
fitness (plant growth and reproduction). Nevertheless, other studies stated that it is
possible to reconcile crop yield with the production of secondary metabolites with
bioactive properties. Garcia-Mier et al. (2013) discussed this option in a review.

Apart from inducing secondary metabolites when applied to plants, other
advantages derived from the use of elicitors are the reduced environmental hazard
due to their low toxicity compared with pesticides (Tripathi and Dubey 2004) and
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Table 1.3 Examples of studies where crop yield and/or secondary metabolite production
increased using elicitors

Elicitor Plant species Crop Secondary References
yield metabolite
Carrageenan Chickpea Increased Increased Bi et al. (2011)
(total phenols)

MJ Lettuce, green Increased Heredia and
beans, Cisneros-
plums, Zevallos (2009)
and carrots.

Prohexadione- Jalapeiio, Increased Increased Ramirez

calcium, pepper et al. (2009)

benzoic acid,
salicylic acid

Salicylic acid Wheat Increased Tejeda et al. (1998)
MJ Tomato Increased Chen et al. (2006)
Benzoic acid (AB) Tomato Increased Benavides-Mendoza
complex of poly et al. (2007)
(acrylic acid)-
chitosan
Hydrogen peroxide Pepper Increased Bayoumi (2008)
Chitosan Sweet pepper Increased Xing et al. (2011)
Ethyl-acetate Soybean Increased Eswaranandam
MJ et al. (2012)
Salicylic acid Coriander Increased Puthusseri et al.
(2012)
Laminarin Pepper Increased Gururaj et al.
(capsaicinoids) (2012)
Urea Sweet pepper Increased del Amor et al. (2009)
(anthocyanin/
flavonoids)
Nitrophenolates, Strawberry Increased Roussos et al.
gibberellic acid (2009)

that they represent an alternative to genetically modified (GM) plants. Some
disadvantages may include a decrease in photosynthesis, reduced plant growth,
and the cost of the products (Holopainen et al. 2009). Nevertheless, it is considered
more knowledge of the mode of action of this compound could minimize these
disadvantages.

To be sustainable, an activity must be viable from both economic and environ-
mental points of view. Thus, the use of elicitors could become a viable strategy for
the development of sustainable agriculture because when they are applied to crops, a
reduction in the use of agrochemicals can be achieved (Mejia-Teniente et al. 2010).
In addition, when they are applied at the right concentrations, the yields can be
maintained or even improved. Here, it is not intended to go deep into the mechanisms
of action of elicitors, but to present them as an alternative for sustainable agriculture.
Information related to elicitor signal transduction is given by Mejia-Teniente et al.
(2010), Zhao et al. (2005) and Bent and Mackey (2007) (Table 1.3).
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1.12 Perspectives
1.12.1 Metabolites-Inducer Factors

Metabolism is the sum of all the chemical reactions that occur in an organism.
Primary metabolites such as carbohydrates, proteins, lipids nucleic acids among
others, are the end up molecules of carbon, nitrogen, and energy. These metabo-
lites are required for the proper functions of cells and organisms. In contrast, plants
produce molecules known as secondary metabolites, which once were thought to
be the result of aberrant metabolism and possess no activity (Lewinsohn and
Gijzen 2009). Nowadays, secondary metabolites are not only of commercial and
industrial importance used as colors and scents, but also they are key ingredients in
medicinals and nutraceuticals. It is recognized that they protect plants against
being eaten by herbivores and against infection with microbial pathogens; they
serve as attractants for pollinators and seed dispersing animals. Moreover, they
function as agents of plant—plant competition and plant—microbe symbioses.
Therefore, secondary metabolites are relevant in agriculture for plant defense
purposes but their presence is also desirable in foods.

The difference between primary and secondary metabolites is not always easily
to be made. Primary and secondary metabolites share many of the same inter-
mediates and are derived from the same metabolic pathways. Primary metabolites
are essential in order to fulfill daily nutrient requirements related to satisfy energy,
regulation, and structural activities. Secondary metabolites usually are present in
the plant in relatively low quantities and their production, as it was said before,
may be restricted to particular families, genera, or even species.

Metabolites-inducer factors (MIFs) are conditions or compounds that enhance
the production of primary and/or secondary metabolites in plants. Serrano et al.
(2010) showed that applications of nitrophenolate increased the levels of glucose,
fructose, ascorbic acid, citric acid, as well as total phenolics in sweet pepper. In a
study by Nzanza et al. (2011) where T. harzianum and arbuscular mycorrhizal
fungi (AMF) inoculation were used, it was concluded that these fungi inoculants
have the potential to influence yield and nutrient content of greenhouse tomatoes.
Folate content increased in coriander throughout elicitation (Puthusseri et al.
2012). Wang and Frei (2011) reviewed the impact of abiotic environmental
stresses on crop quality. Here, they report that as a general trend stimulation of
protein and antioxidant concentration or lower starch and lipid concentration
occur, but these outcomes depend on numerous confounding physiological,
environmental, and experimental factors.

The presence of both kinds of metabolites is of core relevance since they are
required for the plant itself but also for their consumers. Consequently, further
knowledge is needed that allows to carefully manipulate plant metabolism. Major
knowledge of the direct and indirect causes that lead to the activation of metabolic
pathways is still needed. It remains to be conclusive about what compounds can be
used as MIFs, MIF’s time of application (at what stage to be used), site of
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applications, biochemical pathways activated. Also, it remains to elucidate as
expressed by Lewinsohn and Gijzen (2009) the plant silent metabolism that is not
silence, but is a pool of pathways that awake to be activated.

1.12.2 Use of Genotypes

Plant science is faced with a strong challenge: ensure yield security while shifting
breeding goals in order to produce more with less. There is a predicted need to
increase food production in a changing environment which affects agricultural
yields. Therefore, it is urgent to improve the efficiency of crop production.
Molecular plant breeding has the potential to deliver substantial improvements
once the component traits and the genes underlying these traits have been iden-
tified. These traits are made available through genetic engineering or the mining of
existing genetic variability. Moreover, yield enhancing genes have been the focus
of intensive research during the last three decades or so and over the past 25 years,
one new gene with an established phenotypic effect on crops has been identified
every year on average using forward genetic approaches. Identified traits will be
incorporated into new cultivars using conventional or biotechnological tools.

The first two classes of products of crop biotechnology, broad-spectrum her-
bicide-tolerant, and Bt-mediated insect resistance crops in corn, cotton, canola, and
soybeans, have been widely adopted in the U.S., Canada, South America, India,
and China because such traits have not been generated through classical breeding.
By 2012, more than 10 % of the world croplands were growing transgenic crops,
with an annual growth rate of 6 %. While 28 countries planted commercialized
biotech crops in 2012, an additional 31 countries totaling 59 have granted regu-
latory approvals for biotech crops for import, food and feed use, and for release
into the environment since 1996 (ISAAA 2012).

Several new developing countries are expected to plant biotech crops before
2015 led by Asia, and there is cautious optimism that Africa will be well-repre-
sented: the first biotech-based drought tolerant maize planned for release in North
America in 2013 and in Africa by 2017; the first stacked soybean tolerant to
herbicide and insect resistant will be planted in Brazil in 2013; subject to regu-
latory approval, Golden Rice could be released in the Philippines in 2013/2014;
drought tolerant sugarcane is a possible candidate in Indonesia, and biotech maize
in China with a potential of ~30 million ha and for the future biotech rice which
has an enormous potential to benefit up to 1 billion poor people in rice households
in Asia alone (ISAAA 2012). Thus, genetic crop improvement is a reality and is
necessary in order to increase production potential under water-scarce and climate
change conditions. This will be an important avenue to improved food security
over the next four decades and feed a growing human population.
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1.12.3 Tools for Plant Study

Genomics deals with the discovery of all the sequences in the entire genome of a
particular organism and since the success of the human genome project effort,
several “omic” disciplines have emerged, with the goal of analyzing the
components of a living organism in its entirety. Proteomics (related to the study of
protein structure and function and what every protein in the cell is doing),
epigenomics (the complete set of methylation alterations in the genome), trans-
criptomics (the study of the complete set of RNAs encoded by the genome of a
specific cell or organism at a specific time or under a specific set of conditions),
metabolomics (related to the study of the complete set of low molecular weight
compounds in a sample) (Dixon et al. 2006). Lipidomics and glycomics are also
included.

“Omics” sciences offer the opportunity to increase the knowledge on the fun-
damental biochemical basis of the things we eat. The research fields of molecular
biology, biochemistry, plant physiology, and ecology have overlapped each other’s
boundaries as a result of the recent expansion in the interest on secondary metab-
olites. It has been possible to establish the variations in molecular mechanisms and
metabolism underlying the diversity and production of these compounds in plants
because they derive their synthesis from primary metabolism. The growing field of
metabolomics complements information derived from genomics, transcriptomics,
and proteomics in order to provide a systematic approach to the study of biological
systems. The origin of the enormous chemical diversity of plants
(200,000-1 million metabolites estimated can be unveiled by these studies Hall
et al. 2008). Furthermore, knowledge derived from these studies would be the basis
for future application of plants’ function to agriculture and other industries.

The metabolome represents the final omic level in a biological system. It
reflects changes in phenotype and functions. For this reason its study is as
important as gene expression throughout genomics, transcriptomics, and proteo-
mics (Putri et al. 2013). The information obtained from these sciences has the
prospective to produce a more complete picture of food composition and feed
products, in order to optimize crop trait to enhance diet and health.

The most widespread strategies for addressing the study of omic sciences involve
the use of gas chromatography combined with mass spectrometry (GC-MS), liquid
chromatography combined with MS (LC-MS), and nuclear magnetic resonance
(NMR)—and capillary electrophoresis (CE)-MS which can profile the impact of
time, stress, nutritional status, and environmental perturbation on a great number of
metabolites simultaneously resulting in massive, complex datasets (Alvarez-San-
chez et al. 2010). The importance of a correct addressing of this data is fundamental
since metabolites affect food quality, food functional properties, and attributes such
as taste and aroma, which will influence consumer acceptability.

In the recent years terms such as phytochemical genomics and nutrigenomics
(Hall et al. 2008; Saito 2013) have emerged. The former investigates the genomic
basis of the synthesis and function of plant metabolites. Meanwhile, nutrigenomics
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tries to link nutrition and genome. It plays an important role in correlating bio-
active food components and disease prevention. Both sciences have in common
metabolomics as an essential component. However, one of the major bottlenecks
of current metabolomics is the sample preparation and identification of metabolite
peaks inspite of advances in computational methods. Another challenge is related
to the possibility for interpretation and application to an understanding of the
biological system of the complex information generated (Hendriks et al. 2011). For
this reason, procedure and technical improvements are expected not only in this
area but in all the above-mentioned.

1.12.4 Plant Nutrition for Increasing Phytochemicals

Currently, agricultural practices are focused on the optimization of nutrient
management through a better control of plant water and nutrient requirements to
improve plant health and crop yield. Nutrient solution is a key factor of yield and
quality of plants grown in soil but mainly in soil-less culture where the availability
of nutrient is inherently restricted (Sevil Kilinc et al. 2007). Soil-less culture is
commonly used in greenhouse cultivation. Therefore, it is essential to know some
important aspect when nutrient solutions are prepared such as pH, electrical
conductivity (which is determined by the total ion concentration), the balance
between anions and cations, temperature, and dissolved oxygen (Herrera 1999).

The first nutrient solutions emerged in the nineteenth century. Some nutrient
solutions widely used are Douglas, Hoagland, and Steiner solutions (Colinas-Ledn
et al. 2006). Although these solutions are used for a vast array of cultures it is
important to determine suitable nutrient solutions for each plant species as well as
to adapt the nutrient solution when soil culture is issued since this substrate can
have its own nutrient input.

Plants are formed by many chemical elements. Traditionally, some of them
have been considered essential for their growth and development (nitrogen,
phosphorus, calcium, magnesium, sulfur, and iron). However, at the beginning of
the twentieth century it was realized that some other elements are needed for the
plants. These elements are called microelements because they are required in less
quantities, in minimal concentration than the ones mentioned before.

Several studies in plant nutrition have been carried out using nutrient formu-
lations. Commonly, the main nutrient concentration (anion or cation) is modified,
whereas the other nutrients remain at a constant level. Nevertheless, it is necessary
to go beyond: what other elements need to be included in nutrient solution for-
mulations in order to improve plant growth. These elements could be required in
very minimum quantities that at the moment are not considered in the formula-
tions. Moreover, soil gives to plant not only inorganic nutrient but also it can be
found a biotic community that enhances plant growth (e.g., plant growth
promoting rizhobacteria) (Andrews et al. 2012). For this reason, the development
of new total nutrient cocktail solutions should take into account these elements, the
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proportions to be used, interaction with the whole component of the nutrient
solution, and characteristics of the substrate in what are going to be used, tem-
perature, just to mention a few.

To unravel the mechanisms behind the production of plants and plant com-
pounds under specific agricultural and climatic conditions, without compromising
on crop yield, it is of great scientific, economic, political, and social interest since
population will continue to grow in the coming years, and this population will
increasingly want not only to add years to life, but also add life to years. The
response required to the current agricultural challenge is not a lone ranger view but
a holistic approach.
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Chapter 2
Mathematical Modeling of Biosystems

Moisés Alejandro Vazquez-Cruz, Alejandro Espinosa-Calderon,
Angélica Rosario Jiménez-Sanchez and Rosario Guzman-Cruz

Abstract Mathematics is an important tool for system modeling allows us to
describe the behavior of a phenomenon or system in the real world, in particular
biological systems. This chapter gives an overview of mathematical models, their
construction, types of models, and examples of possible applications in biosystems
models. Essential for building a model is determining its scope. In addition, the
mechanistic and phenomenological mathematical models are described. Applica-

tions on fish biomass estimation, quality of fruits and crops are presented.
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2.1 Introduction

When we meet with the problem of describing the behavior of a real-world
phenomenon or system, there is a need to resort to models. These models allow us to
answer the question about important features and the behavior of the system studied
under different conditions. There are different types of models such as verbal,
mental, physical, and mathematical (Ljung and Gland 1994). In mathematical
modeling, a number of assumptions translate into the language of mathematics. This
has many advantages

. Mathematics is a very precise language. This helps us to formulate ideas.

. Mathematics is concise language, with well-defined rules for manipulations.

. The mathematical results that have been proven over years are available to us.
. Computers can be used to perform numerical calculations.

AW N =

There are different mathematical models related to biochemical, physiological,
and physical variables related to biosystems. Biosystems consist in any system of
living creatures, however this term has been widely used for either plant or animal
groups. Systems as constructed wetlands (CWs) have been recognized as effective
means of “green technology” for wastewater treatment because their use of
biological processes (assimilation by the plant tissue and microbial transforma-
tions); thus they may be also considered as biosystems (Kumar and Zhao 2011).
Biosystem’s technology uses mathematical models applications in biomass and
productivity forecasting. This can be accomplished by using the instrumentation
systems for measuring variables related to plant production (Espinosa-Calderon
et al. 2011; Gémez et al. 2005; Guzman-Cruz et al. 2009; Guzméan-Cruz 2010;
Millan-Almaraz et al. 2009).

Mathematical models can be based on several methods and principles such as
steady-state mechanistic, temperature functions, Gaussian integration, stomatal
conductance, nitrogen analysis, dynamic biological systems models, PAR, 3-D
gradients of climatologic parameters, linear regression, nonlinear regression, and
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diffusion-reaction (Bernacchi et al. 2009; Boonen et al. 2002; Farquhar et al. 2001;
Gomez et al. 2005; Hoffman et al. 2004; Lombardozzi and Sparks 2012; Miiller
et al. 2009; Murray 2002).

2.2 Building a Mathematical Model

Essential for building a model is determining its scope. The process by which a
mathematical model can be use to solve real world situations is usually called the
mathematical modeling process (Miwa 1986a). Typically the process consists of the
following four steps: (1) mathematical formulation, (2) programming, (3) parameter
estimation, and (4) model evaluation (Soltani and Sinclair 2012). Sometimes, the
developers of crop models do not always explicitly proceed through each step; it is
valuable to be clear about these steps. If each step is not fully developed, the resultant
model may be seriously compromised if its use is attempted outside the context in
which the developer visualized it. It is likely a more robust model will result from the
modeling process that recognizes each of these stages (Haefner 2005; Sinclair and
Seligman 2000). The most important stage in this process is the formulation stage,
assumptions based on deliberate suppression or neglect of irrelevant details are set
up. If these assumptions are not appropriately setup, the nature of the situation is
distorted, and the problem cannot be solved correctly. The setting up of adequate
assumptions can be considered as the most important decision in performing
mathematical modeling. Therefore, it is necessary to consider the role of assump-
tions in mathematical modeling process (Miwa 1986b).

2.2.1 Definition of Objectives

Before starting a modeling project, it is important to be clear about the model
objectives. This step determines the future direction of the project in two ways. At
the beginning of the modeling process, the objectives of the modeling effort should
be explicitly and fully defined. A clear statement of specific objectives is essential
to define needs and nature of a crop model (Sinclair and Seligman 1996).

It is more likely that success will be achieved when the objectives are clear,
modest, and tractable (Sinclair and Seligman 1996). Criteria for judging the
acceptability of a model should be defined in relation to the model’s objectives. It
is possible to quantitatively define stopping rules, in terms of statistical criteria
concerning model predictions relative to a sample of observations.

Based on the objective, a list of specific hypotheses to be included in the model
is prepared. Initially, it may be useful to list the hypotheses in the form of words
and sentences. Some of the following points need to be considered in identifying
hypotheses to be used to construct the model: (1) Models need to have generality,
(2) Hypotheses will require input data either as parameters or driving variables,
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(3) The most useful models will be those that include parameters and state vari-
ables that can be readily determined by simple measurements or observations,
(4) Existing hypotheses/models are a useful resource, but they need to be evaluated
in view of objectives of the current model construction (Sinclair and Seligman
1996).

2.2.2 Quantitative Description of Hypotheses

Qualitative hypotheses need to be expressed as mathematical functions. Equations
need to be developed to express how each hypothesis can be expressed in the
model system. The interaction of hypotheses also needs to be taken into account,
which often introduces a whole new layer of assumptions. Commonly, it is
assumed that there is no interaction among hypotheses other than what has been
explicitly defined.

The quantification of the model can be the most challenging because it requires
a thorough knowledge of the system being modeled, and an understanding of the
most relevant relationships. Additional functions can always be added to the
model, but do these functions enhance the performance of the model for the stated
objective? Often, the most critical phase of the model construction will be
selection of the quantitative functions that sufficiently and efficiently describe the
model component being modeled. Assembling equations without understanding
and evaluating their relevance to the objectives overlooks a critical aspect of the
modeling (Soltani and Sinclair 2012).

2.2.3 Programming

Once the hypotheses have been defined and quantified, the model is finally con-
structed into computer code. That is, the knowledge and insight about the system
should have been captured and it should be a straightforward, even a trivial task, to
translate the hypotheses into computer code. However, considerable care is
required to accurately express the model in computer code. It is necessary to verify
the computer algorithms and the codes are correct from mathematical relationships
defined. Preparing computer programs usually requires debugging to eliminate the
errors that arise during programming.

The program code can usually be organized in individual sections as repre-
sented in a flow diagram. In more expensive models, it is often useful to structure
the code so that each section is placed into its own submodel. Placing parameter
values for the various functions in their own separate, initialization section can
facilitate the use of the model in simulations using different parameters. That is,
code the functions in the model using parameter names, and then define all
parameters at the beginning of the program. In this way, simulations of other
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conditions such as a different cultivar are facilitated by adjusting the relevant
parameters in the initialization (Haefner 2005).

2.2.4 Estimating Parameters

There are two acceptable general methods for parameter estimation:

1. Literature If the value of a parameter has been defined in research previously
published, then these data are a strong starting point. This source of parameters
is desirable because the research has been subjected to the rigors of peer review
and the results are available to everyone.

2. Measurement Experiments or observations need to be done by the person
constructing the model. Special research protocols need to be established and
executed to obtain information about the desired parameters. Careful statistical
analysis of the results is needed to obtain parameters. This method is time-
consuming, laborious, and expensive. Soltani et al. (2004, 2006) presented
examples of parameter estimation procedures related to different aspects of
crop growth and development.

Another method that is too frequently used for parameter estimation is “cali-
bration” of parameters so that the final output of the overall models matches the
expected results. That is, the model is tested using different values for a specific
parameter, then values are chosen that provide the closest match to the observa-
tions of the major outputs. Adjustments in parameters to achieve closer matches
with observations by the complete model are difficult because it is not clear what
parameters need adjusting. A major problem is that parameter adjustments can
compensate each other and the parameters diverge from how the plant system
operates.

The major limitation of the “calibration” approach is that reduces the model to
an exercise in empirically fitting the model to the observations under a particular
set of circumstances. Parameters are adjusted to achieve end results rather than
relying on understanding about how the plants are performing and defining specific
functions for the individual processes.

Sometimes “calibration” is done be reserving a separate data set for the
calibration procedure. This approach does not overcome the basic empirical
problem in this approach. Success of “calibrated” parameters in matching a
second set of data only indicates success in splitting the two datasets, so that they
represent the same population of data. That is, success with a calibrated model
only assures that the calibration dataset were adequate to empirically math the
second set of data (Soltani and Sinclair 2012).
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2.2.5 Model Evaluation

Every model should be evaluated with respect to transparency and robustness.
Transparency refers to how easy it is to understand a model and robustness refers
to how closely the predictions of the model match with observed outputs from
the system. However, after the above-mentioned steps in constructing a model, the
model can be run and its output can be compared with measurements from the
system. A test of the model output against observations is especially necessary
when a model is to be used in an application mode. The users of the model need to
be given some notion of situations in which the model has proven useful, with a
disclaimer for reliability in any other situations (Sinclair and Seligman 1996).
Model evaluation should be done based on predefined criteria established in the
objective-definition stage. If the predictions are reasonably matched with the
measurements from the system, based on predefined criteria, the modeling process
is complete and the model is ready to use. If the results of the model evaluation
stage are not satisfactory, it is necessary to reconsider the hypotheses, equations,
and the quantitative methods use dot construct the model. If alternative methods
and equations are identified, then the model evaluation should be repeated. If
predictions and the output are not still satisfactory, it is likely that there is some
basic problem with the hypotheses. More experimental investigation is required
and the modeling process should be set aside until observations allow improved
hypotheses (Soltani and Sinclair 2012).

There are two critical criteria in evaluating the suitability of a model: trans-
parency and robustness. Transparency means that the model parameters, flow
diagrams, and code can be readily understood by those that were not involved in its
development. As much as possible, the functions are stand-alone descriptions of
processes in the plant and crop. Transparency is facilitated by a minimum number
of empirical coefficients, and these coefficients can be independently observed and
measured. Robustness means that the model produces simulation results that
compare favorably with observation. The judgment of “favorable” will depend
directly on the original objectives for the model (Teh 2006).

2.3 Types of Models

Mathematical modeling can be divided in two principal groups: mechanistic (white
box) and phenomenological (black box) models. The white box models are
deterministic and use physical modeling, thus they are explicative about the
modeled system. Black box models, also called identification models, are direct
descriptions of the data. Black box models have the disadvantage of not giving an
explanation of the subjacent mechanisms. A combination of these two models
results in gray box models.
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2.3.1 Mechanistic Models

The development of a mechanistic mathematical model requires sufficient
understanding of the physical, chemical, and biological processes that occur in a
system and its use demands a proper validation. These kind of models are
explanatory models, and they can be static or dynamic (Kita 2011). In addition, the
study and description of a system involves two processes construction of mathe-
matical models and numerical solution of the set of equations that describe the
behavior of the system, through the use of a digital computer.

Mechanistic models are based on the assumption that the state of a system can
be quantified and that changes in the state can be described by mathematical
equations, equations of rate of change or differential equations. These models
include several components: state variables, differential equations, parameters, and
inputs. Normally, a state variable is a variable that appears in the accumulation
term of adynamic balance of mass or energy. A state variable is a variable that can
be quantified (at least conceptually) and it allows knowing the behavior of the
system at all future instant in time (Kita 2011).

2.3.1.1 Modeling Phases

There are three phases in the process of the mathematical modeling (Ljung and
Glad 1994):

1. The problem is structured.
2. The basic equations are formulated.
3. The state-space model is formed.

If the model is not too complex in terms of state variables, it can be used to
design control systems for example optimal control strategies (Seginer and
Toslovich 1998; Van Henten 1994; Tap 2000) for the best growth, production,
and crop quality.

The problem is structured
It is important to understand the general structure of the system (Ljung and Glad
1994). Thus, we need to answer the following questions:

What signals are outputs and inputs?
What happen in the system?

What quantities are constants?

What signals are internal variables?

When we have decided what variables in the systems are of interest and how
they interact, then we attempt to divide the system into subsystems. This phase
puts the great demands on the modeler because it requires the understanding of the
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intuition for the physical system. In addition, in this phase, the level of complexity
and degree of approximation are determined (Ljung and Glad 1994).

The basic equations are formulated

We have to formulate quantitative relationships between the inputs and outputs of
the system (Ljung and Glad 1994). We must use knowledge about the mechanics,
physics, chemists, and biological processes occurred in the system.

The relationships between the system variables can be of different kinds:
conservation laws and constitutive relationships. Conservation laws are well-
established laws like physics, chemises, or mechanics laws can be used. On the
other hand, constitutive relationships might be given by experimental data or can
be simple formulas that describe the general character of the relationship (Ljung
and Glad 1994).

A good way of formulating the basic equation of a subsystem is the following:

—_—

. Write down the conservation laws that are relevant for the subsystem.

2. Use suitable constitutive relationship to express the conservation laws in the
model variables. Calculate the dimensions of the different quantities as a check
(Ljung and Glad 1994).

The state-space model is formed

In this phase, we need to choose which internal variables will be considered state
variables. Express the derivative of each state variable as function of state vari-
ables x(¢) and inputs u(f). Express the outputs y(r) as functions of the state and
input variables (Ljung and Glad 1994). This is,

d

) (2.1)

2.3.2 Phenomenological Models

2.3.2.1 Linear Regression

Measurement accuracy depends on the model used and on the knowledge of the
studied process. The specificity of the studied system to particular applications
simplifies the equations of the model (André 2013).

One example of a linear black box model is the measurement of photorespi-
ration at the biochemical whole plant and atmosphere levels. It solves the fitting of
oxygen (O,) and carbon dioxide (CO,) gas exchanges, avoiding complex equations
and revealing the main factors of regulation of photosynthesis with its inseparable
association with photorespiration (André 2013). Models as this one might be
simple, but they represent a useful tool with a good approximation to understand
the global relationships between plants and biosphere.
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By observing the fitting of different variable curves related to the process, it can
be deduced if such variable plays, or not, a crucial role in the regulation of the
studied process.

2.3.2.2 Multiple Linear Regression

In many cases, y will depend on several independent variables such as
X1,X2,X3, ..., X%,. This case can be treated by the multiple linear regression (MLR)
method.

For example, Sousa et al. (2010) used MLR to model the pollen and fungal
spores, considering nonbiological pollutant concentrations, the daily mean of
ozone (O3) and PM;, concentrations and meteorological parameters temperature
(T), relative humidity (RH), precipitation (PP), and wind velocity (WV) as
predictors. As results the models for each pollen and fungal spore were different
depending on the analyzed period, which means that the correlations identified as
statistically significant cannot be, even so, consistent enough.

2.3.2.3 Nonlinear Regression

In many applications, the regression functions will depend in a nonlinear way on
the regression coefficients.

Nonlinear regression models are important tools as many crop and soil pro-
cesses are better represented by nonlinear than by linear models, depending on the
objective and the application domain, different priorities are set when fitting
nonlinear models and these include obtaining acceptable parameter estimates, and
a good model fit while meeting standard assumptions of statistical models.

A nonlinear regression model was used for Aufhammeret et al. (2006), in order to
model the role of brown clouds using a panel of yields and weather outcomes in India.

2.3.2.4 Logistic Type

There are indeed many phenomena in nature exhibiting a fast (virtually expo-
nential) initial growth that then slow down after a certain point (where the curve
reaches an inflection point) until a point of equilibrium or saturation of the system
(carrying capacity). The logistic curve was introduced by Verhulst in the nine-
teenth century. The objective of Verhulst was to study population growth. In the
1920s, the interest in such method revived because of its excellence for modeling
the development and evolution of many other growth phenomena (Roméan-Romén
and Torres Ruiz 2012). This type of models has been used in Ecology, Demog-
raphy, and in Biology and Medicine, for the analysis of the growth of bacteria,
tumors, and several species of animals and plants.
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The deterministic logistic model is defined in terms of a differential equation
where the linear constant defines the growth rate, whereas the quadratic term
serves to inhibit or retard this rate. In this sense, the quadratic term is usually
smaller than the linear one. When the population is small, the quadratic term, or
inhibiting term, has little effect on the rising, so the population starts off with
almost exponential growth. However, as the population increases, the inhibiting
term eventually slows the rate of growth dramatically. Environmental fluctuations
and lack of precision measurements represent ubiquitous noises that contribute
with randomness to the logistic model (Li et al. 2011).

For processes whose mean function will be a logistic curve, it is possible to
explicitly determine the transition density function, which allows to answer
questions like the estimation of parameters through discrete sampling of paths after
finding the likelihood from the transition density functions and the initial distri-
bution. Such improvement enables the researcher to calculate the first passage time
density, which requires an explicit form of such densities (Roman-Roman and
Torres Ruiz 2012).

Logistic models offer the possibility of finding explicitly transition densities.
This characteristic allows analyzing inference from the discrete sampling of tra-
jectories. They also permit the estimation of functions, which allow predictive uses
of the model. Finally, by studying first passage times, these models help in the
determination of time variables used to locate when a preset condition is verified.

2.3.2.5 Statistical Approaches

The statistical approaching methods for modeling systems and processes consist,
mainly, in the evaluation through, and application of, statistical techniques to
datasets. Their only limitation is large number of datasets with different experi-
mental conditions required for the application of any statistical packages. This
limitation maybe seems to be small, but it usually is a challenging task.

Some examples of statistical techniques are: Levenberge-Marquardt (LeM)
method, Nonlinear mixed effects (NLME), and first-order kinetics (Stein et al. 2007).

Since these models use a large number of datasets, it is commonly found that
the magnitude of the generated coefficients varies strongly by species.

2.3.2.6 Time-Dependent Retardation Model

Time-dependent retardation models assume that there is a continuous variation in
the studied process, which is common for every biosystem process, where time is a
common degradation variable. However, it is important to note that the perfor-
mance of this kind of models is often limited by a residual outlet concentration of
certain variables in the studied system.

This kind of modeling has been considered to be one of the most efficient
methods for designing CWs, because it allows a steady-state decrease in chemical
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Fig. 2.1 Basic architecture of an artificial neuron

oxygen demand, or any other component. In such applications, it has been
assumed that removal rates decrease during the course of time, because easily
biodegradable substances are removed first and fast, thus leaving a solution with
less biodegradable constituents and hence with slower removal kinetics. This
continuous change in solution composition can be represented by a continuously
varying volumetric first-order rate constant (Kumar and Zhao 2011).

2.3.2.7 Neuronal Networks

Artificial neural networks (ANNs) are parallel computational models, comprised
of densely interconnected adaptive processing units. These networks are fine-
grained parallel implementations of nonlinear static or dynamic systems. A very
important feature of these networks is their adaptive nature where “learning by
example” replaces “programming” in solving problems. This feature makes such
computational models very appealing in application domains where one has little
or incomplete understanding of the problem to be solved, but where training data is
available (Hassoun 1995).

An ANN is a mathematical model that tries to simulate the structure and
functionalities of biological neural networks. Basic building block of every ANN is
artificial neuron, that is, a simple mathematical model (function). Such a model has
three simple sets of rules: multiplication, summation, and activation. At the
entrance of artificial neuron the inputs are weighted what means that every input
value is multiplied with individual weight. In the middle section of artificial neuron
is sum function that sums all weighted inputs and bias. At the exit of artificial
neuron is sum of previously weighted inputs and bias is passing through activation
function that is also called transfer function (Krenker et al. 2011) (Fig. 2.1).
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Fig. 2.2 Architecture of simple artificial neural networks: a Feed-forward (FNN) and b recurrent
(RNN) topology of an artificial neural network

ANNSs consist of two elements (i) formal neurons and (ii) connections between
the neurons. The way that individual artificial neurons are interconnected is called
topology, architecture or graph of an ANN. The full potential and calculation
capabilities become clear when we start to interconnect neurons into ANNS.
Neurons are arranged in layers, where at least two layers of neurons (an input layer
and an output layer) are required for construction of a neural network. In any
architecture every neuron of a layer is connected to every neuron of the following
layer, and no intra-layer connections exist. This property allows referred to them as
“multilayer perceptrons” although the classical perception contains only a single
neuron (Minsky and Papert 1969). The fact that interconnection can be done in
numerous ways results in different possible topologies that are divided into two
basic types (Fig. 2.2). In the feed-forward topology (a) the information flows from
inputs to outputs in only one direction and in the recurrent topology (b) some
information flows not in only one direction from input to output but also in
opposite direction. Fully connected feed-forward networks are by far the most
frequently used neural networks for nonlinear modeling, pattern recognition,
classification, signal filtering, and forecasting (Sumpter et al. 1994).

Formal neurons transform a numerical input to an output value, and the neuron
connections represent numerical weight values. The weights and neurons’ internal
variables (termed bias or threshold values) are free variables of the system which
must be determined in the so-called “training stage” of the network development.
This training set the proper response of an ANN according to the characteristics of
the problem to be solved.
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2.4 Validation

Model verification and validation are the primary processes for quantifying and
building credibility in numerical models. Verification is the process of determining
that a model implementation accurately represents the developer’s conceptual
description of the model and its solution. Validation is the process of determining
the degree to which a model is an accurate representation of the real world from
the perspective of the intended uses of the model. Both verification and validation
are processes that accumulative evidence of a model’s correctness or accuracy for
a real situation; thus verification and validation cannot prove that a model is
correct and accurate for all possible scenarios, but, rather, it can provide evidence
that the model is sufficiently accurate for its intended use. It is important to
perform a proper validation and verification to the model to extrapolate the results
to other similar situations and predict new events.

The data used for model validation have not been used to build the model.
There is a strong reason for not using data as we used in parameter estimation, it
will make us think that the model gives better predictions than it is really capable.
In linear regression, we correct for the effect of estimating two parameters by
dividing the residual sum of squares by (n—2) instead of (n). Since data often
contain errors, it sometimes sufficient to prove that there is a not statistically
significant difference between experimental data and model predictions (Bender
1978).

The differences between data and model predictions can be measured by
graphical comparison, confidence intervals, and statistical tests. Hypothesis tests
are particularly useful in comparing distributions, variances, or time series of
model outputs to determine whether the model predictions are within an accept-
able range of precision.

2.4.1 Validation Criteria

Some consist of comparisons with results available, others require the generation
of new results for comparison, while others are based on responses from experts.
Some of these criteria are used for verification to model validation. According to
Godoy and Dardati (2001), the validation types can be classified as follows:

Comparison with other numerical solutions: the results of the model are asso-
ciated with another solution identifying the proximity between them, that is,
approximate results validate other approximate also obtained by other authors or
other methods.

This technique does not involve a check of the representation of reality model.
This type of comparison is also used to verify the model that can be verified when
it is otherwise (Freedman and Ibaraki 2003).
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Comparison with other analytical solutions: In this case, it is assumed that the
researcher agrees with the theory behind the analytical formulation and with the
same mathematical approach, as it also can be used for model verification. If this
numeric code fails at playing an analytical solution, there must be a problem with
the model formulation (Freedman and Ibaraki 2003).

Comparison with experimental results: This type of validation is the best,
because it shows the consistency of the model with reality. However, obtained
results of experiments are usually very complex and can be errors if not taken into
account a correct consideration of environmental conditions. There is a risk that
the model only works for a particular case and is not able to predict for another
similar situation, or that the results do not accurately represent reality.

2.4.2 Statistical Tools

There are many statistical tools for model validation, but the primary tool for most
process modeling applications is graphical residual analysis. These statistics can
be classified in two categories:

(a) Differences between the predictions and the measurements.
(b) Correlation between the model outputs and the measurements from the system.

Deviation-based statistics has often used with correlation-based statistics.
Although these different statistics may represent different aspects of the model
measurement discrepancy, the deviation-based statistics (e.g., root mean square of
deviation) and the correlation-based statistics (e.g., correlation coefficient) are not
really with each other in their assumptions.

The residuals from a fitted model are the differences between the responses
observed at each combination values of the explanatory variables and the corre-
sponding predictions of the response computed using the model. Respectively,
these values can be standardized by subtracting the mean and dividing by the
standard deviation. Mathematically, the definition of the residual for the ith
observation in the dataset is written.

e =Yy — X (2.2)

The residuals plot can also be used to test the homogeneity of variance
assumption. A residual score serves for determining the accuracy of your model
(how much variability is explained by the model) and being used to test the
assumptions inherent in the regression analysis (Shier and Wallenius 1999).

Mechanistic models provide a degree of understanding or explanation of the
phenomena being modeled. To achieve this, the model must be constructed on (at
least) two levels of description. A mechanistic model is based on our ideas of how
the system works, what the important elements are and how they relate to each
other (Thornley and France 2007).
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A regression line between simulated and measured output is commonly
included in the graph of simulated versus measured variable. This regression
model will help to identify any bias in model prediction and determine correlation
between model predictions and systems measurements.

Perhaps the most important statistic is the root mean square of deviation
(RMSD), which is calculated from the following equation:

RMSD = (Zx’ ly’)o's (2.3)

With y; the predicted variable with respect to the variable x; and n the number
of pairs of measured and simulated values. RMSD is usually reported and
discussed as a percentage of average measured performance of the system.

In the second approach, the correlation coefficient between measured and
simulated values are calculated. Correlation coefficient (r) can be obtained as
follows:

\/Zzlxl_ \/Zzlyl—

where x; and y; are the measured data and estimated given respectively in time i,
and X and y are the means of the measured and estimated data, respectively,
verifying that —1 <r <1.

With a high r one might conclude that the model is robust with a finite number
of variable records y; to predict with respect to the variable x;, then the following
criteria are used to determine the relationship between the model and the quantized
data.

Bias (B) = lzn:(y,‘ - X;) (2.5)

i3

1 n
Standard deviation (SD) = \/;Z(y’ —x; — B)? (2.6)
i=1

1 n
Prediction mean square (MSE) = — Z()’i —x;)° = SD? + B? (2.7)
i3

Each of these could be plotted against a chosen variable to test for homogeneity
in performance. It is often a good idea to scale these summary statistics by the
mean observation (Bender 1978).

For dynamics models that predict how quantities vary with time, so a dynamical
model is generally presented as a set of ordinary differential equations with time to
carry out the analyses of the obtained results some techniques of general statistics
are used (Benes and Feiresl 2008).
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Some measures of variance is the standard error of prediction percentage
(%SEP); which establishes the degree of dispersion between the observed variable
and the estimated variable. The coefficient of efficiency (E) and the average rel-
ative variance (ARV) are used to determine how the model can explain the total
variation of the data (Rios Moreno et al. 2006). The percentage standard error of

prediction is defined as:
100 />0 (i — i)’
%SEP = — iz (i = yi)” (2.8)
X n

Efficiency (E) is a sum of squares that provide a relative index of model behavior.
Values can be obtained less or equal to 1, values of 1 indicates a perfect fit. A value of
zero indicates that the model predictions are no better than taking the average values
of the observed data and a negative value can be interpreted as a bad approach is that
the results are worse than using the mean values of the observed data. The coefficient

of efficiency (E) and the ARV are defined as E = Ss=S and ARV = % where Sops =

Sobs
S (i — %)% and S = 37 (x; — y;)* to have a perfect match, r and E should be
close to 1 and the values %SEP and ARV close to 0.

If the results of the model validation stage are not satisfactory, it is necessary to
reconsider the hypotheses, equations, and the quantitative methods and the data used
to construct the model. If alternative methods and equations are identified, the model
validation should be repeated. If the predictions and the output are not still satis-
factory, it is likely that there is some basic problem with the hypotheses (Soltani and
Sinclair 2012). More experimental investigation is required and the modeling
process should be set aside until observations allow improved hypotheses.

2.5 Applications
2.5.1 Estimating the Biomass of Fish

In crops of different aquacultural species it is important to determine the growth to
know the development with respect to environmental conditions. In the literature,
there are several studies which characterized the growth of various species of fish,
but the authors recommend using the equations and statistical models obtained
cautiously since the coefficients and constants involved in these equations depend
mainly on the data analyzed.

The following is a study to determine the biomass of tilapia fish grown in ponds
in greenhouses during the months of July and December of 2008, Fig. 2.4. Data
were obtained from a random sample of fish to measure manually. Three measures
and the weight were considered for the study of which are shown in Fig. 2.3.

One way to estimate the biomass of fish is using the lengths, for example,
Hockaday et al. (2000) built two types of mathematical models for estimating fish
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Fig. 2.3 Lengths measured
during the growth cycle of the
fish

A
v

biomass tilapia, first using least squares regression and through ANNS, these
models are based on data on different lengths of fish. Another example is the
research of Lines et al. (2001), which a system based on image analysis to estimate
the mass of the salmon is proposed. The system was developed and tested under
certain conditions. As well, Martinez et al. (2002) proposed a relation length—
weight. In this case, a multiple regression was applied to relate the measured
lengths with the weight of the fish. Thus, the mathematical model can be repre-
sented as follows:

p(ly, b, I3) = 0.1551 L1 — 0.72091,15 + 5.08691; — 7.60051, + 3.75881; (2.9)

Figure 2.5 shows a comparison between the measurement data and estimated
results by means of the Eq. (2.9). Some general statistics are used to analyze the
obtained, such as: the correlation coefficient » = 0.99, bias B = — 0.05, standard
deviation SD = 2.28. According to these results, a good fit of the estimated data to
the measured data was obtained.

2.5.2 Fruit Quality Changes

What constitutes quality largely depends on the consumer and the final destination
of the product (Sloof et al. 1996). Quality can be seen as the concerted action of
several quality attributes each based on their own physiological or physical
product property. To predict keeping quality of a product, monitoring of a single
attribute suffices but not necessarily gives a complete picture of the quality. For
this, a compound quality index is required (Hertog et al. 2004). Quality is not a
static parameter in general it decreases with time. Depending on the position of the
product in the postharvest chain, this might be interpreted as a gain or loss (Hertog
and Tijskens 1998).
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2.5.3 Modeling of Fruit Quality

A wide range of mathematical models has found their application in the wider food
area (Tijskens et al. 2001). Important quality traits are manifested at the fruit scale.
This is especially true for fruit size, dry matter content, and percentage of edible
tissues. Fruit size and dry matter content result from the exchange of resources
with the plant and the atmosphere. The carbohydrate supply has often been
modeled according to the source/sink concepts (Léchaudel et al. 2005). An
important variable of these models is the fruit demand for carbohydrates which is
positively correlated to the seed number (Lescourret et al. 1998). In some models,
a more mechanistic approach has considered that processes involved in sugar
unloading from the phloem to the fruit tissues. For example, Fishman and Génard
(1998) and Bruchou and Génard (1999) modeled sugar phloem unloading through
mass flow, diffusion, and active transport.

In a postharvest context, the gas (O,, CO,, ethylene, and water vapor) fluxes
through the skin have been related to the concentrations gradients, according to
physical laws of gas diffusion. A model of fruit surface conductance to water vapor
has been proposed recently (Gibert et al. 2005), which could improve the prediction
of fruit transpiration as a function of fruit growth. More generally, fruit surface
conductance to gas needs to be modeled in the future because it has a strong
implication for fruit quality through its effect on fruit physiology, ripening, and
quality (Paul and Srivastava 2006). Biomass allocation to the fruit tissues (which
determines the percentage of edible tissues) also needs to be considered at the fruit
scale. However, to our knowledge, there is no mechanistic model of biomass allo-
cation into fruit tissues. Establishing empirical laws relating the size of any given
tissue to that of another one or to that of the whole fruit may be a solution. Such laws
are common in biology, mainly in the framework of allometric growth (West et al.
1997). For example, the dry masses of each fruit tissue and the dry mass of the fruit
have been linked by allometric relationships (Lescourret and Génard 2005).

In order to assess the key processes underlying sugar concentration, an approach
combining ecophysiological modeling and quality trait loci (QTL) analysis was
proposed by Prudent et al. (2010). For this purpose, a first model predicting tomato
fruit sugar concentration was adapted from a previous model built on peach fruit
(Quilot et al. 2004), allowing the dissection of three interrelated elementary pro-
cesses: the assimilate supply provided to the fruit, the metabolic transformation of
sugars into other compounds, and the dilution of sugars by water uptake. In this
work, two sources of variation were used to modulate the sugar concentration: a
genetic method and a physiological method. This approach allowed observation of
the inter-genotypic relationships first among elementary processes and then
between elementary processes and sugar concentration; estimation of whether two
different sources of variation for sugar concentration lead to similar changes in the
underlying processes; and identification at each QTL for sugar concentration those
processes which were supposedly involved.
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In recent years, fruit quality has become an increasingly important aspect of
fruit production. For example, in Europe, the new market organization enjoins
farmers to form producer organizations whose goal is to improve fruit quality.
Research efforts directed toward understanding the effects of climate and man-
agement techniques on fruit quality are needed, and mathematical models are
useful frameworks for these research efforts (Lescourret and Génard 2005). Fruit
quality, even when reduced to organoleptic qualities (such as sweetness or acidity)
that meet consumer’s demand, is a multicriterion concept. Each quality trait is the
result of a complex chain of biological processes that depend on environmental
conditions. These processes are interrelated (sugar metabolism depends on the
carbon fluxes) and their effects on quality traits may be opposite (enhancing water
fluxes into fruit increases sugar concentration; Génard and Lescourret 2004).
Clearly, a useful fruit quality model must take into account several quality traits,
the underlying processes, and their interactions.

However, following the researches of C.T. de Wit (van Ittersum and Donatelli
2003), most process-based fruit models have focused on carbon relationships
leading to predictions of fruit growth in dry mass. Such photosynthesis-driven
models have been developed for apples (Baumgaertner et al. 1984), grapes
(Gutierrez et al. 1985), kiwifruit (Buwalda 1991), olives (Abdel-Razik 1989),
peaches (Grossman and DeJong 1994), and tomatoes (Heuvelink and Bertin 1994).
Some models have dealt with nitrogen content, representing nitrogen and carbon
dynamics on a similar conceptual basis. Researchers have modeled water accu-
mulation in fruit, considering water uptake and transpiration per unit fruit area as
constant or variable (Génard and Huguet 1996). In a more mechanistic work
applied to tomatoes, the difference between water potentials in the stem and the
fruit was assumed to be the driving force of water import rate (Bussieres 1994).
Another tomato water model focused on the role of pedicel resistance and calyx
transpiration (Bussieres 2002). A few models of fruit metabolism describing syn-
thesis and degradation processes have been designed for sugar (Génard and Souty
1996) and citric acid accumulation (Lobit et al. 2003 ). However, few models
consider several processes together. Nevertheless, the virtual peach fruit model
proposed by Lescourret and Génard (2005) is the first model to integrate in systemic
framework knowledge of many interrelated processes, resulting in a complex
quality profile and emergent properties that are typical of complex systems. The
model offers various possibilities as a research tool, both for performing theoretical
experiments and for helping to understand experimental results when studying the
effects of technical scenarios for which there is no literature. Lescourret and Génard
(2005) examined relationships between quality traits, physiological variables, and
between both and found patterns that did not derive just from the aggregation of
modeled basic functions. Moreover, the virtual peach fruit model may help in
assessing the relative importance of processes for a given complex function or trait.

Virtual plants are being viewed as a novel means to simulate the genetic var-
iability of plant responses to environmental conditions (Tardieu 2003). Combining
either gene regulatory networks or quantitative trait loci (QTL) and models
(Reymond et al. 2003) are two possible avenues, assuming that a genotype is
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presented by ne parameter set (Tardieu 2003). Analyzing genotypic variation by
means of models is a first step, and has been done with the carbon submodel on a
contrasting population of peach genotypes (Quilot et al. 2004). In addition,
incorporating the virtual peach fruit model in a crop model will be of value in
simulating the combined effects of changes in climate, pest events changing leaf
area or photosynthesis, genotype, and technical operations on profiles of quality
traits, and will thereby help to improve breeding and crop management processes
(Lescourret and Génard 2005).

2.5.3.1 Modeling Crop Quality: A Case of Study in Tomato

Fruit quality at harvest is a complex trait, including size, overall flavor (taste and
texture), and visual attractiveness (color, shape), which depend on both genotype
and environment. The improvement of fresh product quality is slowed down by its
complexity. It is expected that the development of process-based models and their
integrations in ecophysiological models should facilitate quality management,
provided that integration properly accounts for interactions among biological
processes (Bertin et al. 2006).

2.5.4 Applications of Neural Networks in Agriculture
and Biosystems

Agricultural systems, such as environment—plant system, are quite complex and
uncertain and they can be considered as ill-defined systems. They are characterized
by nonlinearities, time-varying properties, climatic interactions, and many other
factors. It is, therefore, difficult to quantify complex relationships between the input
and the output of a system based on analytical methods. Recently, intelligent
system control based on artificial intelligence has been one of the most prosperous
technologies in the complex system science (Hashimoto 1997). ANN is also a
promising tool for predicting crop yield and offers insight into the casual rela-
tionships through the use of sensitivity analyses, but the complex parameterization
and optimum model structure require special attention (Park et al. 2005). The
machine learning tools used to model the effects of environmental conditions on
apparent photosynthesis provided a very powerful modeling alternative to ordinary
curve fitting methods. Their major advantages are the flexibility to select between
accuracy and generality and their robustness against outliers and mixtures of dif-
ferentia responses (Dalaka et al. 2000). Resources capture and plant responses to
energetic stimuli (solar radiation, temperature, CO, concentration, and humidity)
present complex ecophysiological mechanisms, which conduct to dynamic modi-
fications of the canopy development and architecture (Vazquez-Cruz et al. 2010).

In agronomic research, ANNs have been presented as alternative methodology
to modeling and simulating crop biophysical properties. ANN models are specially
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designed for dynamic nonlinear systems (Rahimikhoob 2010). ANNs are now used
in many computer-based applications where there is a need to identify patterns or
“learn” relationships between a set of input variables and a set of output variables
(Danson and Rowland 2003). During the last decade, there has been a significant
increase in agronomic ANN applications (Huang et al. 2010) including crop
development modeling, crop yield prediction, evapotranspiration estimations, soil
water, and salt content assessments (Dai et al. 2011; Fortin et al. 2010; Liu et al.
2009). Another important variable, which is commonly used in modeling crop, is
leaf area. There have been a few attempts to produce leaf area estimation models
predicting leaf area by means of using simple linear measurements like length and
width (Beyhan et al. 2008). Vazquez-Cruz et al. (2012) developed an ANN model
to determine the response of tomato leaf area to different climate conditions such
as CO, concentration, PAR, and temperature along with different salicylic acid
treatments. The results showed that ANN model was a useful tool in research and
understanding the complex relationships between greenhouse conditions and leaf
area development.

More research is needed in order to increase performance of training algorithms
to improve the ability of neural systems to learn from climatic and physiological
data patterns for crop growth prediction, and the forecasting performance to
provide a useful guidance or reference for yield estimation.
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3.1 Introduction

Nowadays, experts are discussing the issue of water taking into account the
Declaration of Dublin, in which the topic of water is treated like a sustainable
issue. This declaration was presented in 1992. It is a fact that the scarcity and

L. Pérez-Sanchez - 1. Montufar-Reyes
Universidad Tecnoldgica de Corregidora, Carretera Santa Barbara-Coroneo, Km. 11.2,
Corregidora, Querétaro, México

A. Rodriguez-Méndez - R. Trejo-Hernandez - M. Mayorga-Garay - J. Alberto Rodriguez-
Morales - E. A. Elizalde-Pefia - K. Esquivel-Escalante (D<)

Facultad de Ingenieria, UAQ, Cerro de las Campanas, 76000 Santiago de Querétaro,
Querétaro, México

e-mail: karen_esq_2001 @yahoo.com

A. C. Montoya-Lizarraga - L. M. Macfas-Samano - B. Reséndiz-Lujan
Facultad de Quimica, UAQ, Cerro de las Campanas, 76000 Santiago de Querétaro,
Querétaro, México

R. Guevara-Gonzalez and 1. Torres-Pacheco (eds.), Biosystems Engineering: 77
Biofactories for Food Production in the Century XXI, DOI: 10.1007/978-3-319-03880-3_3,
© Springer International Publishing Switzerland 2014



78 L. Pérez-Sanchez et al.

inadequate use of freshwater are leading us to a nonrational and sustainable
development from an ecological point of view (N.R.W.C. Committee 1993;
Chapman 2006; Walsh et al. 2006). Health and well-being, food security, and
industrialization are other threatened areas, which are affecting ecosystems on
which all human beings depend. That is the reason why to secure a future, it is
necessary to have an effective management of water and soil resources.

Within the acceptable minimum ethics, it should be noted that the general
environment, including water resources in particular, is a heritage of mankind that
we have inherited, and that we must protect for future generations. Proper man-
agement must certainly rely on the three commonly accepted principles of soli-
darity, subsidiary, and participation (F.I. Report 2009).

Solidarity recognizes that all men have equal rights to participate in environ-
mental and water resources; subsidiary states that can make a lower social group, it
is better than form a larger social group. Participation leads to the integration of
the different users in the management of the environment and its resources
(Sekoulov 2002).

In the agro-food industry, there is considerable water consumption due to the
different kinds of processes and unit operation in which water is involved (e.g.,
cleaning, cooling, pasteurizing, etc.). In addition to this, good water quality and
quantity are essential for food processing (Bazilian et al. 2011; Casani and
Kngchel 2002; Palumbo et al. 1997). On the other hand, large volumes of
wastewater are generated as a result of the need to use water in these processes.
For instance, in Germany, 30 m> of wastewater is generated per ton of frozen
carrot produced, 1.2 m® for apple juice, and 4.15 m® in beer production (Yang
et al. 2007). Therefore, wastewater treatment and water management are funda-
mental concerns to ensure water supply over the years.

Wastewater effluents are continuous when water input and output exists in the
different processes for food production. They can be derived from cooling and
heating systems (condensers, cooling towers, and boilers) or industry cleaning
processes (cleaning-in-place systems for the internal surface of pipes, vessels,
process equipment, filters, and other accessories). Discontinuous wastewater
effluents can also be generated from intermediate operations such as soaking, raw
material cleaning, scalding, etc., and are prone to be the most polluted. Wastewater
from the agro-food industry is characterized by high organic content, cleaning
agents, salts, and suspended solids. High levels of Biological Oxygen Demand
(BOD) and Chemical Oxygen Demand (COD) as well as considerable seasonal
changes in flow and composition make their treatment difficult (Todd and
Josephson 1996). Costs associated with water are the result of an elevated con-
sumption of high-quality water plus wastewater treatments and the cost of
wastewater disposal. Therefore, searching for profitable alternatives becomes
necessary in order to minimize consumption as well as searching for environ-
mentally friendly wastewater treatment strategies, which will be determined by the
taxes applied to each effluent (Gray 2005). In the food and beverages industry,
effluent charges were the principal factor in inducing water polluters to invest in
biological wastewater technologies in the Netherlands (Casani and Kngchel 2002).
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This is an essential and determinant factor for the development of new wastewater
treatments and establishing their potential markets. An increasing need exists for
creating an appropriate tax designed to encourage water treatment and savings.

A reconsideration of traditional irrigation practices is starting and a new
appreciation of the advantages of traditional know-how is beginning to appear.
However, pressures on irrigating farmers are continuing to require them to
increase irrigation efficiency, achieve higher water productivity, and use less
water. Yet there is often a lack of assistance for them to develop and adopt
improved approaches and techniques appropriate to these changing farming
objectives, however keeping farmers’ objectives of financial and social nature. In
addition, perceptions of an urban society that highly prioritizes environmental
preservation for future water allocation are also challenging farmers’ attitudes and
requiring new approaches.

A new communication model has to be developed that could lead to a better
understanding of water use in agriculture and demonstrate why performance
improvement must occur within the context of the needs of the society and the
objectives of farming (Elizaquivel et al. 2011, 2012; Sanchez et al. 2012). New
approaches are required to properly define and account for each item of water use
and productivity with water conservation and saving being the primary drivers to
achieve higher performance (Garcia-Pérez et al. 2013). From this perspective, the
performance concepts need to be differently defined, understood, and applied. In
other words, we need a new model in terms of conceptualization of water use
performance that can be understood by users, managers, and decision makers
alike. This improved conceptualization can then provide a common framework
around which actual water use (hopefully monitored water use—debate over
words is not very useful if the actual volumes involved are only approximate) can
become sustainable for large and small farmers or other users, in all climates and
in societies with different degrees of development, utilizing a wide range of
technologies (Chan et al. 2009; Kalbar et al. 2012; Muga and Mihelcic 2008;
Tomar and Suthar 2011; Travis et al. 2012).

The terms water conservation and water saving are generally associated with the
management of water resources under scarcity. However, these terms are often used
with different meanings within specific scientific and technical disciplines or in the
water user sector considered. Often, both terms are used synonymously. The term
water conservation is used here to refer to every policy, managerial measure, or user
practice that aims to conserve or preserve the water resource, as well as to combat
the degradation of the water resource, including its quality. Differently, the term
water saving describes the avoidance of loss of water by limiting or controlling
water demand and use for any specific purpose (Muga and Mihelcic 2008; Jin et al.
2013), including the avoidance of wastes and the misuse of water.

In practice, these terms or perspectives are complementary and interrelated.
Water conservation plays a major role in rain-fed agriculture and when irrigation is
supplemental of rainfall (Chan et al. 2009; Muga and Mihelcic 2008; Wang et al.
2012), but it is essential in all water use systems, often as a means to achieve water
saving. Water conservation can play a major role in agricultural and landscape



80 L. Pérez-Sanchez et al.

irrigation considering that predictions for climate change indicate a concentration
of rainfall and an increase of its intensity. A coupling of soil and water conser-
vation is then essential to increase water infiltration and storage in the soil profile
as well as to control soil evaporation.

Water conservation increases the amount of consumptive use by crops and
natural vegetation, sometimes called the green water fraction, and assists in pre-
serving the quality of flows that are often called the blue water, the general good
quality environmental water (Rodriguez-Garcia et al. 2011). Water savings usually
refer to the blue water fraction. Despite it often not being easy to distinguish
between “conservation” and “saving,” these terms should not be used synony-
mously. For example, questions related to preservation and upgrading of water
quality are essential in water conservation but are rarely relevant to the usual ideas
of water saving. It is arguably a modern tragedy that considerable volumes of the
scarce resource can and are being lost or wasted due to lack of clarity of terms used
and miscommunication between those involved. This is analyzed in most papers in
this issue, with the various authors adopting a variety of approaches. Yet, com-
munication must also apply to specific fields or scales: our main focus in this
chapter is water use at the farm scale, or a group of users served by the same system,
not basin planning, or water allocation. Therefore, the aim of this chapter is two-
fold: (1) to demonstrate the confusion of the terms used both between and within
disciplines and groups of users, and the resulting potential for poor use of water and
(2) to suggest alternative terms that could gain wide acceptance and common usage.
Some case study applications are used to illustrate the use of these terms and ideas.

Two important aspects must be analyzed in the field of water; (i) The physi-
cochemical characteristics of water according to the nature and source of the water
and (ii) Water as a fact of life. In this regard, considerations of water as life
support, clean water and its uses, wastewater and the effects of pollution, and the
health considerations of drinking water cannot be ignored (Muga and Mihelcic
2008).

The general principle in wastewater treatment is to remove pollutants from the
water by getting them to either settle or float, and then removing this material.
Some pollutants are easily removable. Others must be converted to a settleable
form before they can be removed. Treatment facilities are designed in stages. Each
stage either removes particles from the wastewater or changes dissolved and
suspended material to a form that can be removed. A modern wastewater treatment
plant (WWTP) may include the following stages: (i) influent, (ii) primary treat-
ment, (iii) secondary treatment, and (iv) tertiary treatment and effluent discharge
(Walsh et al. 2006).

In the final stage, the disinfection process has the objective to eliminate all the
pathogen agents to prevent plant and human diseases. While most of these
microorganisms are not pathogens, pathogens must be assumed to be potentially
present. Thus, whenever wastewater effluents are discharged into receiving waters
which may be used for water supply, swimming, shell fishing, or if its quality is
really good, it can be used in food production, and the reduction of bacterial
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numbers to minimize health hazards is a very desirable goal (Abdel-Raouf et al.
2012).

A variety of physical or chemical methods are capable of destroying micro-
organisms under certain conditions. Physical methods might include, for example,
heating to boiling or incineration or irradiation with X-rays or ultraviolet rays.
Chemical methods might theoretically include the use of strong acids, alcohols, or
a variety of oxidizing chemicals or surface active agents (such as special deter-
gents). However, the treatment of wastewaters for the destruction of pathogens
demands the use of practical measures that can be used economically and effi-
ciently at all times on large quantities of wastewaters which have been treated at
various degrees (Pablos et al. 2013).

The prevalent use of chlorine has come about because chlorine is an excellent
disinfecting chemical and, until recently, has been available at a reasonable cost.
However, the rising cost of chlorine coupled with the fact that chlorine even at low
concentrations is toxic to fish and other biota, as well as the possibility that
potentially harmful chlorinated hydrocarbons may be formed, has made chlori-
nation less favored as the disinfectant of choice in wastewater treatment. As a
result, newer technologies are showing promising results, such as the use of nano-
catalysts like titanium dioxide (TiO,) as disinfection agent by the photocatalysis
process (Bodaghi et al. 2013; Fang et al. 2013; Hossain et al. 2014; Lin et al. 2013;
Liu et al. 2013; Wang and Lim 2013).

Another important process related to wastewater treatment is that of metal
removal to obtain the best water quality for reuse in food production (Bonnett et al.
2006; Lalov et al. 2000).

Heavy metal ions and waste dye are two major industrial pollutants, and many
methods have been developed to remove them from wastewater (Ahluwalia and
Goyal 2005; Nguyen et al. 2006; Monteagudo et al. 2006; Asma et al. 2006). In
recent years, various methods including foam flotation, filtration, microbial
reduction, chemical oxidation, reverse osmosis, coagulation and flocculation,
biological treatments, photo degradation, and adsorption have been developed for
treating dye contaminated wastewater. Among these methods, adsorption is known
to be a promising technique due to the ease of operation and comparable low cost
of application. These processes may be ineffective or extremely expensive,
especially when the metals in solution are in the range of 1-100 mg/L (Liu and Lu
2011; Kasmuri et al. 2011).

Heavy metal pollution represents an important environmental problem; envi-
ronmental contamination by heavy metals is of growing concern because of health
risks on live organisms. At least 20 metals are classified as toxic and half of these
are emitted into the environment in quantities that pose risks to human health.
Accumulation of metals like Cd, Cr, Cu, Hg, and Zn, in humans has several
consequences such as growth and developmental abnormalities, mental retarda-
tion, and a wide range of other illnesses (Liu and Lu 2011; Kortenkamp et al.
1996; Wang et al. 2008; Thiele 1995).

The above-mentioned are traditional methods of effluent treatment, nevertheless
these methods have to be supplemented with modern and more effective means of
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treatment and this is where bioremediation becomes relevant providing several
techniques for cleaning up pollutants by means of biological tools (Shetty 2006).
Biological tools include living and nonliving microorganisms for removal or
recovery of toxic substances from wastewater. The natural affinity of biological
compounds for metallic elements could contribute to the purification of wastewater
polluted with metals (Sahin and Oztiirk 2005). The biosorption process is a feasible
option as it is efficient and cheap. Compared with conventional methods for
removing toxic metals from effluents, the biosorption process has the advantages of
low-operating cost, minimization of volume of chemicals and biological sludge to
be disposed of, and high efficiency in detoxifying very dilute effluents (Shetty 2006).

There are many different types of biosorbents like (i) Active biomass belonging
to algae, bacteria, or fungi; (ii) Nonactive kind of biosorbent which is essentially a
waste product or a by-product of a fermentation process; and (iii) Abundant natural
materials or polymers.

There is a small degree of selectivity, in solution, from numerous biosorbents in
the collection of heavy metals. The mechanism of metal sequestration can occur by
processes such as complexation, chelation, ion-exchange or coordination; or
physical mechanisms like adsorption or precipitation. However, since biomaterials
used for sorption are complex, a number of these mechanisms could be occurring
simultaneously. Biomaterials have several chemical groups: acetamide groups in
chitin, amino and phosphate groups in nucleic acids, amino, amide, sulfthydryl and
carboxyl groups in proteins, and hydroxyls in polysaccharides, which could
potentially attract and sequester metal ions. The efficiency of a biosorption process
depends not only on the binding properties of the biosorbents, but also on the
composition of the wastewater that will be used for treating (Sahin and Oztiirk
2005; Volesky and Holan 1995; Krishnani and Ayyappan 2006; Barros et al. 2006).

Polymers are used like biosorbents because they have different properties that
should be considered, such as degradation, hydrolysis and mechanical shearing,
and chemical and mechanical stability. Some polymers possess a flexible structure
and at certain hydrodynamic conditions the shape of such polymers can change so
that they will pass through the membrane even though their mass is more than the
molecular weight cut-off (MWCO) of the membrane (Shetty 2006; Geckeler and
Volchek 1996).

Among the many other low-cost absorbents identified, chitosan has the highest
sorption capacity for several metal ions (Chauhan et al. 2012; Juang and Shiau
2000; Laus et al. 2007; Liu et al. 2011; Sankararamakrishnan et al. 2007; Sobahi
et al. 2010). Chitosan ([f-(1—>4)-2-amine-2-desoxy-D-glucose]) is a natural
polysaccharide that is formed by altering the N-deacetylation of its precursor,
Chitin. Chitin is the second most abundant natural polymer, and is widely dis-
tributed in nature, especially in the exoskeletons of marine invertebrates such as
prawn, crab, and lobster.

The difference between chitin and chitosan is essentially related to the possi-
bility to solubilize the polymer in dilute acidic media. Therefore the degree of
acetylation (DA), which is related to the population balance of acetylated and
deacetylated (100-DA) groups, is essential to define these two terms. When chitin
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is deacetylated in heterogeneous conditions, the solubility in aqueous acidic media
is achieved for DA generally below 30 %. Nevertheless, on reacetylating chitosan
it is possible to observe a solubilization up to DA close to 60 %. As a consequence,
the frontier between chitin/chitosan can be located at a DA of 60 %. An effect of
the DA can be appreciated in the chitosan, which is a polymer semicrystalline
and the degree of crystallinity is a function of the degree of deacetylation. In
addition, the amino groups in chitosan structure are responsible for complex for-
mation between metal ions and the polymer chain (Bhatnagar and Sillanpéi 2009;
Bolto et al. 2004; Szyguta et al. 2009; Domard and Domard 2002).

Chitosan chelates five to six times greater amounts of metal than chitin, this
effect is attributed to the free amino groups present in the chemical structure of
chitosan caused by deacetylation process; this fact is used in several important
applications, and specifically for wastewater treatment because it can absorb dye
molecules, remove proteinaceous matter, and metallic ions, including Cu(Il),
Co(II), Ni(Il), Hg(Il), and Zn(II), either physically or chemically (Kasmuri et al.
2011; Alves and Mano 2008; Babel and Kurniawan 2003; Hu et al. 2013; Kamari
and Ngah 2009; Milosavljevi¢ et al. 2011; Xi and Wu 2004).

Finally, after the above information was described, the main route for sus-
tainability and water management is to produce recycled water or treated at high
quality, which is sure to meet the demand in a sustainable way and which in turn
benefits to the environment.

To obtain these results, we start with wastewater from the laboratory and
sanitary services from the Airport Campus of the Universidad Auténoma de
Querétaro (UAQ), where five WWTPs are located to treat the entire campus
sewage. After this water is disinfected and made metal free, it can be potentially
used in the food production field.

3.2 Experimental Conditions
3.2.1 Wastewater Treatment Plant

Treatment plants were designed primarily to address 0.5 Ls™' flow. The plant
consists of two round containers, which are contained one within the other, that is,
are coupled concentrically. The first container is in the aerobic reactor which holds
the water treatment process with a diameter of 3.68 m, while the second container
is in the accumulated treated water, and both containers are connected by a pipe
10 cm in diameter. The second container has a double function: the first function is
it serves as a settling process, while the second serves as a clarification process.
The container has a diameter of 2.12 m and the plant receives wastewater con-
tinuously through a pipe 7.62 cm in diameter. The wastewater is pumped from a
lift reception to the first container and has an air supply system and two pipes in
which are located the second container in one of the pipes. The fats pump back to
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the main container and the other pipe is intended to return to the first deposit the
settled sludge accumulated; finally the treated water is conducted from the second
tank through a pipe 10 cm in diameter to the said pipe.

The physicochemical and biological characteristics of the wastewater were
monitored monthly, and these measurements were pH, temperature, sludge volume
index, and total and fecal coliform organisms.

3.2.2 Solar Photocatalysis Disinfection

3.2.2.1 Synthesis and Characterization of the Ag:TiO, Catalyst

The synthesis of the TiO, substrate was obtained by slowly dissolving the titanium
precursor (titanium isopropoxide, 97 % Aldrich, TTIP) in an organic solvent
(isopropanol, 99.9 %, J.T. Baker). The titanium solution was continuously mag-
netically stirred for 20 min under nitrogen atmosphere. The hydrolysis process was
then performed by adding water into the flask containing precursor/solvent mixture
and magnetically stirred for 1 h (Esquivel et al. 2013). The molar ratio of the
precursors and solvents are, 0.03:4.2:1 for TTIP:H,O:isopropanol, respectively.
For the Ag-modified TiO, samples, the precursor was silver nitrate 99.9 %
(Sigma-Aldrich). This precursor was added separately by dissolving it into the
water used for the hydrolysis reaction at different weight percentages (0.005, 0.01,
and 0.1 wt%). The obtained sol was transferred into Teflon-lined vessels and
placed on a turn table for uniform heating using a microwave reaction system
(Synthos 3000, Anton Paar). The change in temperature in the reaction vessel was
monitored automatically by the dual-IR temperature probe and the solutions were
continuously stirred at medium speed (300 rpm). The heating procedures were
conducted for 30 min at 215 °C for 60 min using microwave radiation of 600 W,
and finally the system was cooled down to room temperature. The obtained
powder was filtered and washed with deionized water several times and room
temperature dried for 18 h, and subsequently dried at 80 °C for 20 h in a con-
ventional furnace. A calcination process was carried out at 550 °C for 3 h to
improve the sample crystallinity. The catalyst characterization of the surface
morphology analysis of the materials was carried out by Scanning Electron
Microscopy (SEM) with a microscope JEOL JSM-6060 LV. The accelerating
voltage employed was 15 kV. Elemental analysis was performed by Energy
Dispersive X-ray Spectroscopy (EDS) (EDS Oxford Inca X-Sight coupled to a MT
1000, Hitachi). Also, the morphology analysis was carried out by high-resolution
transmission electronic microscopy (HRTEM) using a JEOL JEM 2000FX
microscope. The catalysts were crushed and dispersed ultrasonically in acetone at
room temperature and