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Abstract: Global grain production needs a significant increase in output in the coming decades in
order to cover the food and feed consumption needs of mankind. As sustainability is the key factor
in production, the authors investigate global grain production, the losses along the value chain,
and future solutions. Global wheat, maize, rice, and soybean production peaked at 2.102 million tons
(mt) of harvested grain in 2018. Pre-harvest losses due to diseases, animal pests, weeds, and abiotic
stresses and harvest destroy yearly amount to about 35% of the total possible biological product of
3.153 mt, with 1051.5 mt being lost before harvest. The losses during harvest and storage through
toxin contamination are responsible for 690 mt, with a total of 1.741 mt or 83% of the total newly
stored grain. Limited cooperation can be experienced between scientific research, plant breeding,
plant protection, agronomy, and society, and in addition, their interdependence is badly understood.
Plant breeding can help to reduce a significant part of field loss up to 300 mt (diseases, toxins,
water and heat stress) and up to 220 mt during storage (toxin contamination). The direct and indirect
impact of pest management on production lead to huge grain losses. The main task is to reduce grain
losses during production and storage and consumption. Better harvest and storage conditions could
prevent losses of 420 mt. The education of farmers by adopting the vocational school system is a key
issue in the prevention of grain loss. In addition, extension services should be created to demonstrate
farmers crop management in practice. A 50% reduction of grain loss and waste along the value chain
seems to be achievable for the feeding 3–4 billion more people in a sustainable way without raising
genetic yields of crop cultivars.

Keywords: preharvest losses; postharvest losses; prevention of losses; plant breeding solution;
sustainability

1. Introduction

Grain production is the basis of global food security and is indispensable for feeding the world.
In 1798, Malthus argued that the global population increases more rapidly than global food supply until
war, disease, or famine reduces the number of people [1]. The failure thus far of Malthus’s prediction
has not prevented others from promoting similar scenarios in more recent decades. For example,
Paddock [2] forecasted a worldwide famine by 1975 and stated that within the short-term, it would
be impossible to feed the population. Ehrlich and Ehrlich [3] predicted worldwide famine in the
1970s and 1980s due to overpopulation and urged action to control population growth. Just like
Malthus [1] and Paddock [2], Ehrlich and Ehrlich [3] failed to appreciate the creativity of humanity.
Romer [4] highlighted that a sustainable economy may be introduced in the future. Therefore, the green
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revolution introduced agricultural technologies that resulted in a doubling of grain production globally.
More than 50 years have passed since the predictions of Paddock and Ehrlich, but mass starvation has
not become widespread, although the number of undernourished and malnourished people has risen.

Nevertheless, many of Ehrlich and Ehrlich’s [3] arguments related to resource scarcity appear to
be close to reality because there are physical limits on natural resources. This has led Diamond [5]
and other experts to shift the blame from “population” to “consumption.” Fifty years ago, a growing
population was highlighted as the main challenge facing humanity. Today, what really matters is
people’s consumption and production, which creates a resource problem. The principal challenge
today is not population but total world consumption—namely, the product of local population times
the local per capita consumption rate and it is not even consumption itself that is the major issue—only
irresponsible and excessive waste, for which efficiency is the solution. The rational use of natural
resources is the only way to avoid the global collapse of food, energy, and environmental security.
Now we must take another step forward. We hypothesize that the problem is deeper and needs
an even wider consideration to find more effective solutions or ways that will lead us towards
a significant improvement.

1962 was the year of peak population growth, with a growth rate of 2.1%. Subsequently, population
growth slowed to 1.1% by 2015. Global population will continue to grow until 2100; however, the rate
of growth is expected to fall gradually to 0.1% annually [6]. The world’s population reached 7.8 billion
in 2020 and is projected to increase to 11.2 billion by 2100 (Figure 1). Can it realistically cover its
grain needs?

Figure 1. World population and growth rate, 1750–2015, and projections until 2100. Source: Roser and
Ortiz-Ospina [7].

The goal of this study is to summarize losses along the grain value chain and identify more effective
solutions. The problems at the pre-harvest and storage stages combined with mycotoxin contamination
represent a very strong limitation, leading to huge losses of grains. This paper first presents the
literature review on food loss (FL) and food waste (FW), followed by global grain production and
losses along the grain chain including field, storage, mycotoxin contamination losses and consumer
waste, a discussion of the role of integrated pest management, plant breeding, and agronomy in grain
production and the implications for the future supply of grain for food and feed. Overall, this study
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explains the complexity of the grain value chain in order to make decisions on how best to prevent
grain losses across the supply chain.

2. Literature Review

The world’s population is predicted to reach 9.8 billion by 2050 and this will require an increase of
70% in food availability [6]. FL may occur due to technical limitations, such as a lack of proper storage
facilities, infrastructure, packaging etc. [8]. FW is generated after the food is spoiled or expires due to
poor stock management or neglect. FL takes place during the production, post-harvest, and processing
stages, while food waste typically occurs at the retail and consumer levels. FL and FW can be evaluated
and measured in different ways. There are several definitions of FL and FW taking into consideration
pre-harvest and/or post-harvest stages, the use and destination of food, the edible part of food products,
or the nutritional value of FL and FW [9]. The inclusion of pre-harvest stages to quantify food loss is
essential because the pre-harvest management stage can increase the quantity and quality of tomatoes
along the value chain [10]. FL and FW have negative food-security, economic, and environmental
impacts. FL and FW represent the natural resources (water, land, energy) used to produce food.
Reducing loss and waste throughout the food supply chain is an effective solution to mitigate the GHG
emissions of agriculture and improve global food and nutrition security [8].

In 2011, the FAO estimated that annually around one-third of food produced is lost or wasted
globally, which amounts to about 1.3 billion tons per year [11]. The 2030 Agenda for Sustainable
Development (target 12.3) calls for halving per capita global FW at retail and consumer levels.
FW represents a waste of resources (land, water, energy, soil, seeds, pesticides, etc.) used in its
production; furthermore, it contributes to increasing GHG emissions. FL originates from decisions and
actions by food suppliers in the value chain, excluding retailers, food service providers and consumers,
while FW occurs from decisions by retailers, food service providers and consumers [12].

The global population will grow from its current 7.8 billion in 2020 to 9.8 billion in 2050 and
global food demand is estimated to increase by at least 50%, but demand for protein rich products
may grow even faster [6]. Closing the food gap requires a decreasing rate of growth in demand
by cutting FL and FW, reducing GHG emissions from agriculture, shifting the meat-based diets of
high meat consumers towards a plant-based diet, innovation and a voluntary reduction of the birth
rate in Africa [13]. According to BCG the annual FL and FW has reached 1.6 billion tons, worth ca.
$1.2 trillion USD, and by 2030 these figures may go up to 2.1 billion tons, worth about $1.5 trillion
USD [14]. Food lost or wasted annually accounts for one-third of global food production and 8% of
global greenhouse gas emissions, while over 800 million people worldwide suffer from malnutrition.
FL or FW along the food chain is most striking at the beginning and the end, namely in the production
and transportation stage in developing regions, while it is more typical in the retail and consumption
stage in developed countries. All stakeholders across the value chain can play a crucial role in food
loss and waste reduction [15].

In North America (the US, Canada, and Mexico), annual FL and FW amount to 168 million tons.
There are several opportunities to address FL and FW in North America including multi-stakeholder
collaboration, standardized data labels, improved cold chain management, and processing and
packaging innovation [16–18]. During processing, waste is generated by inadequate infrastructure
and machinery, contamination, trimming and cutting problems, confusing date labels, food safety
issues and cold chain problems [16–18]. About 40% of the annual US food supply is lost and wasted,
so action is required across the food supply chain, with collaboration among agencies, businesses,
and communities. The United States Government Accountability Office identified three key areas
– limited data and lack of awareness about food loss and waste, and limited infrastructure – which
should be addressed to cut FL and FW. In 2015, the US announced a goal to reduce national FL and FW
by half by 2030 [19].

FL and FW accounted for approximately 20% of food produced in the EU with a value of
€143 billion in 2015 [20]. Household expenditure on food indicates how food is valued in different
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countries. Household income spent on food in the EU is low as a proportion of income, on average
13%. By contrast, in several African countries, almost 50% of income is spent on food. The share of
FW in Europe was a few percent in the 1930s but has increased sharply since then to current global
levels where one-third of food produced is lost or wasted. The relatively cheap food in the EU gives
little economic incentive for consumers to avoid waste. In addition to FW, plastic waste is also a major
economic, environmental, and social challenge. The overwhelming majority of plastic packaging is
used only once. In the food supply chains, materials, including packaging, should be reduced, reused,
and recycled in the framework of the circular economy [21].

According to a market study, up to 10% of food waste generated annually in the EU is linked to
date marking; however, the market survey showed a high level of compliance. The authors conclude
that FW linked to date marking can be reduced with a clear and legible date mark and consumers can
make the distinction between “use by” (indicator of safety) and “best before” (indicator of quality).
Nevertheless, significant FW prevention in relation to date labelling can be achieved in the dairy,
fresh juices, chilled meat and fish supply chain [22]. Misinterpretation of food date labels is one of
the key factors leading to FW. Date labels on food in the USA show a large variety of forms such as
“use by,” “best before,” “sell by,” and “enjoy by” dates, which are poorly understood by consumers.
This paper makes recommendations on changes to the date labelling system in the USA and addresses
actions needed to clarify the issue [23].

A survey conducted in Italy showed three key factors defining the extent of household FW, namely
socio-demographic characteristics (household income spent on food), food shopping patterns and
consumer behavior. More education and information are needed for the prevention of household
FW [24]. Another study identified measures to combat FW along the food value chain in the
metropolitan region of Barcelona and stressed the relevance of more research, since stakeholders
oppose the introduction of new regulations and policies. Future research on the impact of new
regulation including strong FW prevention measures is needed to reach a consensus and willingness
among stakeholders of the food supply chain to implement new policies [25].

Conrad et al. [26] analyzed the link between FW, diet quality, nutrient waste and sustainability in
the US. Higher quality diets lead to higher FW associated with greater amounts of wasted irrigation
water and pesticides but less cropland waste due to the increasing consumption of fruits and vegetables
included in higher quality diets, which have lower cropland and higher input needs compared to other
crops. The results of the study show that simultaneously improving diet quality and reducing FW is
a complex issue. Fanelli [27] found similarities in the structure of the food supply in relation to the
quantity of animal-based products. The environmental impact of agriculture depends mainly on the
structures of the food supply and agricultural practices applied in the different Member States of the
EU. Consequently, large differences can be detected in the food supply of animal-based products and
the GHG emissions intensity of the livestock sector. The farming system applied in the Member States
should be based on the impact of agricultural practices on the environment to achieve a balance between
livestock production and the intensity of GHG emissions. Furthermore, Fanelli [28] investigated the
impact of agricultural activities on the environment in the Member States of the EU. She came to
the conclusion that several Member States have similar production methods with a high impact on
the environment; however, Mediterranean and northern Member States use traditional production
methods including livestock grazing. Production methods with a high impact on the environment
must be directed towards sustainable intensification.

The prevention of FW has become a global issue. In order to achieve this goal in developing
countries a higher budget is needed for education, training and communication, technology
implementation, and better infrastructure. Collaboration and dialogue between stakeholders along the
food supply chain is crucial. Furthermore, data collection and comparable figures for different countries
are needed, as well [29]. Ishangulyyev et al. [30] emphasized that FL and FW are complicated issues
involving multi-stakeholders along the food supply chain; therefore, more research, collaboration,
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and awareness is needed for the prevention of FL and FW. Authors focus on awareness of the impacts
of FL and FW leading to changing consumer attitudes and behaviors.

In China, Gao [19] reported an annual loss of 7.9 mt for rice, wheat, and maize, but with advanced
storage management, this can be reduced substantially. In India, the annual losses are estimated at
12–16 mt; however, losses are much higher at traditional farms, where 60–70% of the harvested grain is
kept in short term storage facilities [31]. According to estimates by the FAO, in India the general FL and
FW is around 40%, but for cereals 30% [32]. In the developing countries almost all pre-harvest and and
post-harvest operations are conducted manually, therefore post-harvest loss accounts for 15% in the
field, 13–20% during processing, and 15–25% during storage [33]. Smallholder farmers generally use
conventional grain storage facilities, which are not effective against insects and mold. The replacement
of these traditional storage structure with improved storage systems will maintain crop quality, reduce
grain losses and food insecurity [34]. Up to 50–60% of cereal grains are lost during storage due to the
traditional storage structures. Modern storage structures can reduce these losses up to 98%, thereby
increasing food security [35]. In Jordan, the total loss and waste along the wheat supply chain amounts
to 34% associated with significant of losses of natural resources. Among postharvest losses, consumer
waste ranks first, accounting for 13% [36].

3. Materials and Methods

Several methodological approaches can be used to identify household FW. Multivariate statistical
techniques (descriptive statistics, principal component analysis, and hierarchical cluster analysis) were
conducted to study the similarities and differences—namely the links between the structure of the food
supply and the impact of agricultural practices on the environment between EU Member States [25].
Another study performed an exploratory online survey using a questionnaire adapted for studies
on FW [24]. Furthermore, multivariate analyses was carried out for a comparative analysis of the
environmental characteristics of the EU Member States with different agricultural systems [26].

The causes and prevention of losses along the grain supply chain is shown, based on the
review of relevant literature and combining results from relevant studies and global models. Various
combinations of the following terms were used to search in various papers: preharvest losses,
postharvest losses, prevention of losses, plant breeding solution, sustainability. The literature on food
security is already substantial; however, grain losses across the supply chain have not been addressed
in detail. Furthermore, there is a lack of available publications relating to the causes of preharvest
and postharvest grain losses. In addition, we also conducted supplementary searches by examining
bibliographies of articles for additional references. The references of the paper mainly cover the period
2001 to 2019. References might differ in their focus on potential or realized FL and FW, their use of
different baselines for comparisons, and other background conditions.

The FAO, OECD, International Grains Council, EU, and many other institutions publish serial
data on grain production, use, trade, and prices. Other international sources issue estimates or data on
grain losses before and after harvest. However, these data and information have not been aggregated
and combined to make comparisons in order to calculate the benefits and trade-offs of grain production
and losses at a global level. Data on food security related to production and losses have not been
embedded into a global perspective. This paper attempts to combine all information collected to obtain
a clear picture on the issue, which may serve the interests of multi-stakeholders along the grain supply
chain. Other losses in the grain supply chain—losses in the conversion of feed into animal products,
processing losses and over-consumption—have not been included in the calculation of grain losses
and waste, and soybean losses and waste have also been excluded from our calculation.

4. Global Grain Production

Worldwide, wheat, maize, and rice are the most important cereal grains, and soybean is the major
oilseed grain. The production volume and projected yield growth of grains are closely related to food
security. The consumption of grains is projected to exceed supply, while supply is expected to grow
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at a higher rate than demand in the midterm (Table 1). Borlaug [37] also reported an increase in the
deficit of grain production compared to consumption, primarily in developing countries. According to
the forecast of the International International Grains Council [38], yield increase is expected to grow
from 0.8% to 1.5% annually from 2013/2018 to 2020/2024.

On the other hand, the increase in consumption is projected to decrease from 2.1% to 1.0% on
average in the same period. So, the gap between the supply and demand of grains is shrinking
leading to a decreasing accumulated deficit of about 155 million tons (mt) between production and
consumption over the period of 2017/2018–2023/2024. The consequence of the downward trend in
supply is a fall in the carry-over stock level from 29% to 21% between 2017/2018 and 2023/2024, making
supply in critical years more problematic. However, data on supply and demand between years may
vary strongly. Grain prices are expected to be higher than in past years in both real and nominal terms
due to shrinking stock levels. This means that a robust increase in production cannot be expected;
therefore, we should investigate how to feed the global population and livestock. The yearly change
for the next years (y/y) is projected at 1.5% for production, 1.0% for consumption and 1.5% for exports
accompanied by a slow decrease of carryover stocks. For this reason, much greater attention must be
given to losses along the food chain.

Table 1. Forecast for global grain production (wheat, corn, rice and soybean), 2017/2018–2023/2024
(million tons).

Total Grains 17/18 18/19 19/20 20/21 21/22 22/23 23/24 5 y
Average

y/y
Change, %

2013/2018 2020/2024

Production (M t) 2.102 2.089 2.120 2.149 2.181 2.213 2.246 0.8% 1.5%
Consumption (M t) 2.107 2.137 2.156 2.179 2.201 2.226 2.249 2.1% 1.0%

Exports (Jul/Jun, M t) 367 368 371 377 383 390 396 5.5% 1.5%
Carryover Stocks (M t) 614 566 530 500 480 468 465 3.2% −3.8

y/y change −5 −48 −36 −30 −20 −12 −3 - -
Stocks to use ratio, % 29% 26% 25% 23% 22% 21% 21%

Source: International Grains Council [38].

On the production side, further substantial increases in yield will be constrained. Obviously,
technology, plant breeding, improving agronomy, and new production methods will resolve this
phenomenon to a certain extent. Higher yielding cultivars are on the market, but their effect on yield
is only moderate as the genetic capacity of these cultivars is just partly exploited. Without making
long-term predictions of the global grain supply the problem described above must be approached
from a different perspective. We have to focus on causes and solutions of food and feed losses along
the grain supply chain.

5. Losses along the Grain Chain

The reduction of grain losses by biotic factors (pests, pathogens and weeds) is a major challenge for
food supply [39]. In addition to pre-harvest losses, the losses occurring during transport, pre-processing,
storage, processing, packaging, marketing and plate waste are also substantial (Figure 2). Reduction of
losses results in a higher revenue than an increase in genetic yield ability [40]. Globally, an average of
35% of potential crop yield is lost to pre-harvest pests [41]. In addition to pre-harvest losses, the losses
occurring during transport, pre-processing, storage, processing, packaging, marketing, and plate waste
are also substantial [39]. By reducing FL and FW, food security combined with resource efficiency can
be enhanced. In 2011 the European Commission set targets to halve the disposal of edible FW by 2020,
and in 2012, the European Parliament also issued a resolution to halve FW by 2025 and designated
2014 as the “European Year against Food Waste” [42,43]. The problem is that the EC targeted only
edible FW excluding other forms of waste, for example in feeding.
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Figure 2. Losses along the food chain. Source: International Water Management Institute [44].

Each stage of the grain value chain is a source of grain losses and waste, each with a different
loss ratio. The problem needs a multidisciplinary approach [45,46], but in spite of efforts we are far
from the solution. Therefore, our goal was to summarize losses along the grain value chain and
identify more effective solutions. The increasing loss and waste of grains reduce food security and also
negatively affect sustainable development (natural resources, environment and human health) [47,48].
In addition to the actual loss and waste, resource inputs, e.g. arable land, irrigated water, fertilizer and
energy, are also lost and wasted Gustavsson et al. [11] contributing to higher cost for a unit of really
consumed product.

In 2018, global grain production accounted for 2.102 million tons [38]. The data we used for
losses are based on estimates in the literature. However, the different sources produce comparable
numbers. We used the lower estimates for increased reliability. It is well known that the loss expressed
in monetary term is very high at lower quality or high toxin contamination even the amount of losses
does not change much. For example, toxin contamination can cause 100% income loss at minimal
yield reduction. Approximately one-third of potential crop yield is lost to pre-harvest pests, pathogens
and weeds. The theoretical yield would account for 3.153 mt per annum and pre-harvest losses
amounts to 1.051 million mt. Grain losses at harvest are estimated at 3% or 60 mt annually, with wide
regional variations between small and large farms. Total pre-harvest and harvesting losses account for
about 1.110 mt per year. In addition, 420 mt of grains are lost during storage, 210 million tons due
to field mycotoxin contamination (excluding consumer’s waste of 286 mt annually (Table 2). It can
be concluded that one third of the possible yield is lost before harvest, another 20% is wasted due to
storage and mycotoxin contamination, and only one third of the grain total production potential is
really consumed, including consumer waste of around 10%).
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Table 2. Losses of grains along the full value chain in 2018 (million tons).

Items Million Metric Tons % to Total Capacity % to Harvest

Total production capacity 3.153 100.00
Total harvested yield 2.102 66.67 100.00

Losses due to biotic and abiotic factors 1.051 33.33 50.00
Harvest losses (cc 3%) 60 1.90 2.85

Storage losses 421 13.35 20.03
Field mycotoxin contamination 210 6.67 9.99

Consumer’s waste 286 9.07 13.61
Total loss 2.028 64.32 96.50

0.00
Total grain consumed 1125 35.68 53.52

Source: Authors’ own calculation based on the production data of International Grains Council [38].

5.1. Field (Pre-Harvest) Losses

Yield losses caused by pests, pathogens, and weeds are major challenges to crop production.
Increased use of plant protection increased crop harvests from 42% of the theoretical worldwide yield
in 1965 to 70% of the theoretical yield by 1990; however, at least 30% of the theoretical yield was
still being lost due to ineffective pest-management methods applied in several regions of the world.
Without plant protection, 70% of crop yields could have been lost to pests [41]. Actual losses were
estimated at 26–30% for soybean and wheat, and 35%, and 40% for maize and rice, respectively [40].
Cramer [49] estimated crop losses of around 28% due to all pests in North and Central America. Russel
(1978) cited over 50% yield losses caused by pests, pathogens and weeds worldwide. Schumann and
D’Arcy [50] estimated the loss of yield caused by all pests at some 20% despite the billions of dollars
spent on plant protection. According to Ubrizsy [51], in the 1960s mean yield loss for all crops caused
by pests, pathogens and weeds stood at 15–20% and 25–30%, respectively. Actual losses were estimated
at 36% for wheat and 38% for maize on average during the period 1950–1960 excluding yield loss
caused by abiotic factors (temperature, humidity, rain, floods, etc.).

It is well known that plants would not survive a crisis-level water shortage because under a certain
level of precipitation plants cannot cope with water stress. In Hungary, yield sensitivity to droughts
show that maize and wheat yield reduction may reach up to 50% in drought seasons. The effects of
drought play a large role in damage to crops, depending on soil quality. Drought conditions can have
a moderate impact on good soil or a profound impact on sand. The yield loss in drought and dry
seasons reaches one-third on average. Beyond the 35% loss due to biotic factors, we did not count extra
losses for abiotic losses, as in drought years, diseases, insects, and weeds normally cause significantly
less damage. The authors aimed to make a conservative estimate that is close to reality. Aflatoxin is
an exception in draught and hot years, but in yield reduction it is not important.

5.2. Integrated Crop Management

Integrated crop management (ICM) is an environmentally sensitive and economically viable
production system by using the latest available techniques to produce high quality food in an efficient
manner [52]. Reductions in pest control costs and in the use of pesticide in ICM programs can
be achieved by introducing populations of natural enemies, variety selection, applying alternative
pesticides, etc. For farmers, the main benefit of ICM is still a reduction in pesticide use, although most
programs still rely heavily on pesticides [39]. The main task of ICM is not to decrease pesticide costs
but it contributes to the production of healthy food. The present production level is a consequence
of contemporary pesticide use, but the losses that could not be prevented show that a significant
development is necessary.

Bajwa and Kogan [53] listed 67 definitions for integrated pest management but did not mention
resistance to pests. Ehler [54] focused on integrated pest management but also mentioned integrated
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pesticide management because it is not the pests themselves, but rather the use of pesticides, that should
be better managed in order to reduce the occurrence of pests.

Kumar and Shivay [55] took a step forward by combining pest management with seedling
establishment and nutrient management. Vanlauwe et al. [56] highlighted integrated soil fertility
management, focusing on the efficiency of fertilizer use. Bottrell [57] reported on integrated pest
management, while Barzman et al. [58] summarized the most important principles with the objective
of optimizing the use of pesticides but did not mention resistance as a possible influencing agent,
only considering pesticide reduction.

Lehoczki-Krsjak et al. [59], Mesterhazy and Bartok [60], Mesterházy [61], Mesterházy [62],
Mesterházy et al. [63], Mesterházy et al. [64], and Mesterházy et al. [65] were among the first to indicate
the decisive role of the resistance level increasing the effect of fungicides against Fusarium head blight
in wheat. Actually, the resistance level regulates the fungicide effect. Lamichhane et al. [66] stressed the
role of resistance in sustainable and low-input agricultural systems and the role of breeding cultivars
with the resistance traits required for organic production. Nevertheless, in a wider context we need to
integrate plant breeding, water management, and storage conditions with an emphasis on the fungi
that normally cause less grain loss. It is possible to keep the whole production process under control
by the introduction of Intelligent Field Crop Management (ICM).

5.3. Storage Losses

Storage plays a central role in the grain supply chain. Grain storage losses are affected by several
factors, including direct and indirect losses. Direct losses are related to the physical loss of grains,
and indirect losses occur due to loss in quality and nutrition [35]. Storage losses can be classified into
biotic factors (insect, pests, rodents, fungi) and abiotic factors (temperature, humidity, rain). Moisture
content and temperature affects storage life. For example, storage molds spread rapidly at higher
temperatures and humidity. Damage and losses caused by insects and rodents can refer to physical
deterioration (e.g., holes in the grain) and quality (value) loss. Huge direct and indirect storage losses
are reported in developing countries. Jayas [67] estimated losses as low as 1–2% in developed countries
using metal silos compared to 20–50% in developing countries where grains are generally stored by
family farms in traditional storage structures. According to Manandhar et al. [34] in most developing
countries up to 80% of cereals are produced by small family farms where grain losses can go up to
15% in the field, 13–20% during processing, and 15–25% during storage, giving total losses of 43–60%.
Grain losses in storage account for 10 to 20% of stored products, as a result of damage caused by
insects [68]. By calculating an average storage loss and damage of up to 20% of stored grain worldwide,
approximately 420 mt of grains are lost during storage annually.

The storage and handling methods should minimize losses. Before storage the grain must be
cleaned and contaminants (dust, insects, straw, chaff, weed seeds, etc.) removed. Furthermore, test for
toxins is mandatory before storage and grains of low, medium and high contamination level must be
stored separately from each other. Critical physiological factors (moisture content and temperature)
affect the storability of crops because high moisture content and heat cause fungal and insect problems,
therefore humidity temperature and CO2 control is highly important. Introducing best practices for
handling and storage is a cheaper solution compared to the loss of grains during storage.

5.4. Mycotoxin Contamination

Mycotoxins are toxic chemicals unsuitable for animal feed and human consumption.
High concentrations of aflatoxin can pose a serious health risk both to humans and livestock.
A significant concentration of toxin levels is frequently measured even during harvest, leading
to the need for control measures, both pre- and post-harvest. The most important source of the
mycotoxin problem is the generally high susceptibility of the grain crops. Large toxin epidemics in
the fields are always consequences of an epidemic. WHO estimated that 25% of the world’s crops are
contaminated by mycotoxins excluding considerable preharvest losses [69]. Up to 25–40% of global
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cereal grains are contaminated by the mycotoxins produced by fungi Kumar et al. [70]. Dowling [71]
reported, based on UNO and FAO data, that 25% of the world grain crop is significantly contaminated
by mycotoxins.

McMullen et al. [72] reported that due to nearly yearly epidemics in the USA the acreage of wheat
was reduced from 29 million ha (1992) to 21.4 million ha (2010). The same numbers for barley are 2.9
and 1.0 million ha. This is normally not taken into consideration. The high toxin contamination of
harvested yield caused additional quality loss and a reduction in prices of 50–90%. The yield and
quality losses amounted to billions of dollars. Similar losses were also recorded in epidemic years in
Canada, Europe, and China. Maize is a more complicated problem. Szabo et al. [73] estimated losses
in maize in 2014 at about 300 million dollars, with nearly no yield reduction. The contaminated grain
(deoxynivalenol, zearalenone, fumonisins) decreased the price of harvested grain by about $32 USD/t
or 25%, while the rest of the loss was attributed to animal husbandry by lower weight gain, sexual
disorders, higher death rates, cost of toxin bindings and antibiotics, etc.

This means that yield loss on its own does not show the significance of the problem. The damage
caused by toxins during storage represents about 10% yearly loss at a conservative estimation and
removes 210 mt of grain per annum globally. This amount represents stored grains and does not include
the infected and light grain part in small grains blown out by the combine at harvest, which cannot
be measured, but exists. Due to toxin regulations the human population is well protected in the
developed world, but this is not the case in many countries where animal husbandry the situation is
similar—contaminated grains are normally used in animal husbandry In small grains cleaning systems,
optical selection of infected grains can reduce toxin levels, but the cost is relatively high equivalent to
a yield loss of 10–20%. In maize, however, such effective methods are in experimental phase. Most of
the toxins are of field origin detectable at harvest, but bad storage conditions can cause significant
increases. In order to minimize grain losses, fungi formation must be addressed during storage.

5.5. Consumer Waste

Plate waste of food is as high as 5–20%. In developing countries, FL and FW including plate waste
is higher than in developed countries. FL and FW depend on technology and on consumer behavior.
1.3 billion tons of food or 1/3 of all food produced for human consumption is lost or wasted from harvest
to consumption annually, without accounting for losses in livestock production worldwide [11,74].
Carrying out evidence-based FL and FW calculations still presents an open challenge. In estimating
FW, the most critical research gap is related to the lack of a clear definition of FW and a harmonized
FW accounting methodology [75]. In developed countries, consumers throw away 286 mt of cereal
products [76]. Just taking into consideration maize, wheat, and rice, at least 200 mt of cereals are
wasted by consumers per annum globally (soybean loss and waste is not included).

5.6. Breeding Versus Food Losses

Research has clarified that resistance is the most important toxin regulator [61,62,65,77,78].
However, large resistance differences occur, in wheat Fusarium head blight deoxynivalenol
concentration varied between 5 mg/kg and 400 mg/kg at the higher epidemic pressure in 2001–2002 [78].
According to literature sources there is no effective means for solving toxin contamination before
harvest Jans et al. [79] stressing the preharvest prevention of disease and toxin by resistance. This is
a problem as this also inhibits breeding activity and creates difficulties for stakeholders. The results of
the wide international literature do not support this view. Ten- to 20-fold resistance differences also
exist in toxin response; therefore, this problem should be exploited.

Resistance also influences further fungicide efficiency and improves the predisposition of plants
to previous crops with high pathogen population [80]. Disease and toxin forecasts will be better
when resistance levels are considered [81]. Zorn et al. [82] indicated that ploughing was as effective
a way to reduce deoxynivalenol (DON) as planting a more resistant variety, and in other diseases the
experiences are similar. Breeding for adaptation to different soil and climatic conditions is essential.



Sustainability 2020, 12, 2342 11 of 18

Tolerance to acidic soils is also a breeding problem among many others. Minimum tillage and organic
production needs plants that are highly resistant against the most important diseases, as in these cases
the disease pressure can be significantly higher as effective fungicide are forbidden to use. Resistance
to biotic and abiotic factors brings a direct and significant improvement to yield, quality stability and
adaptation. Breeding for more efficient fertilizer use in order to improve the photosynthetic activity,
adaptation etc. of the plants has also its place. The main problem is that the extensive knowledge
available in the scientific community suffers from a bottleneck effect when it should be applied in
plant breeding. Most breeding firms are small, with 1–2 breeders for a plant or less, and they lack
any laboratory background or support from trained scientists. This is true also for European family
companies. The large firms concentrate on high yields but often neglect food safety and other problems,
so varieties with high yields often produce severe financial losses.

Unsatisfactory breeding efforts contribute to 210 mt loss due to toxin contaminated grains. Much of
the storage microbes are of field origin, so lack of resistance might be partly responsible for storage
losses. The devastating effect of storage microbes is characteristic when storage conditions are bad,
however, most of the losses could be prevented by advanced storage technology. Storage microbes
cause about 50% of storage loss, i.e. 210 million mt of grain per annum; therefore, mycotoxins of field
and storage origin are treated separately because they need to be treated using different approaches.

5.7. Agronomy

The keys to the green revolution, whose father was the Nobel laurate Norman Borlaug,
were improved seeds, especially the short straw lodging resistant wheat varieties giving higher
yields due to a better harvest index and resistance to diseases such as rust. The breeding program was
led by Norman Borlaug and supported by inputs (chemicals and fertilizer) and irrigation water [83].
The green revolution spread in all developing and developed regions and helped more than one billion
people to survive. The key factor was to find a connection between breeding and agronomy that
helped to exploit the greater abilities of the new varieties. This is essentially an update the basic ideas
of the Green revolution by Baranski [83] adapted to present needs and balancing the negative effects of
climate change.

Breeding for more yield resulted in increasing nitrogen and water dependence. We can mention
possible shortage in phosphorus and potassium. Today, several breeding companies are focusing on
shorter season crops, less water use, and gene editing, among other things. There is an improving
efficiency of utilization of nitrogen, potassium, phosphorus, but insufficient supply of microelements
is also a growing problem. The decoupling of nitrogen from yield dependence is another central
research area. Nevertheless, breeding for higher yields still has priority. Wang et al. [84] summarized
the possibilities for wheat, but similar patterns exist also for other crops. Pest management is also
relevant in agronomy to protect grain against pests, pathogens, and weeds. Effective disease control is
indispensable in epidemic years. However, the contemporary storage needs also pesticides for insect
control and specific fungicides against diseases.

6. Discussion

In order to explain the possible shortage of food globally, Malthus [1] warned about overpopulation.
He did not take into consideration the fact that more food required could be produced due to scientific
and technological development. The forecasted mass starvation has so far not become a reality.
Diamond [5] blamed consumption, especially overconsumption in the developed world. The present
global food production is not sustainable and accompanied by huge losses and wastes along the value
chain. For this reason, agricultural production needs a reorganization with specific local solutions for
particular regions.

Half of total losses occur before the process of harvesting begins representing 1051.5 mt annually.
This makes production per unit more expensive. Among the causes of crop losses, the bottleneck effect
between basic, applied research, and breeding must be highlighted, which means that most of the
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available existing knowledge does not reach, for example, those involved in breeding, plant protection,
agronomy, etc. Consequently, the effectiveness of the combination and utilization of the knowledge
adapted for local and regional breeding, agronomy, etc. is very poor and the results are embarrassing.
More knowledge is needed about the interrelations between disease resistance, yield ability, and the
efficacy of pesticides and agronomy responses at cultivar level to develop the optimum mix of different
procedures for each region and field. At least two third of grain field losses, namely 700 mt, are related
to biotic stresses. Plant breeding is supposed to be responsible for about a third of this amount (233 mt).
However, it is impossible to breed for resistance against 200 diseases of a crop. Plants are generally
treated for the 4–5 most important diseases by farms; therefore, resistance and pesticide treatments
should be combined. For the rest of the losses (roughly 500 mt) correct pest management and agronomy
measures combined are needed. Suggestions made by Lamichhane et al. [66] for organic culture are
also necessary for conventional plant production. Near Szeged (southern Hungary), Mesterházy et
al. [64] and Mesterházy et al. [65] reorganized the crop structure and fungicide program and tillage for
wheat. Without any additional cost, the wheat yield became much healthier (fewer toxins and leaf
diseases), and a 4–5% yield increase could be achieved on about 2000 ha of wheat.

Grain production is expected to expand well below the growth rates of the last decades.
Yield increase will not be sufficient to achieve global food security. The potential increase in maize,
wheat, rice and soybean yields will be less than 10% in the next five years, resulting at the most in
220 million mt of extra yields. Comparing the projected extra yields of grains for the next five years,
with the annual losses and waste of about 980 mt excluding pre-harvest losses, it becomes apparent
that reducing food loss and waste can help to enhance food security more efficiently then yield increase
can. The slowdown in global annual yield growth is the main challenge facing global food security.
Maize, rice, wheat, and soybean together produce about 64% of global agricultural calories (of this
maize, rice, and wheat 57%) and decreasing yield gains in these crops will have serious implications
for the global grain supply chain [85]. Grain yields are affected by both biophysical and socioeconomic
factors worldwide leading to increased yield variability in the future. Climate-change-related heat
stress, scarcity of water for irrigation, depletion of soil fertility and salinization, soil erosion, pest and
disease build-up and a lack of capital will have a greater impact on yield development than the
genetic improvement of grain cultivars. In Europe, yields are affected by climate change in several EU
member states.

Moreover, agricultural subsidies are tied to the reduction of environmental burden and agricultural
inputs, leading to yield stagnation. For this reason, the reduction of loss and waste is the most important
factor in achieving food security with a much larger impact on the grain supply for food and feed
than higher yielding crops. Breeding for yield stability and resistance combined with advanced pest
management strategies, improved agronomy and storage could reduce grain losses and waste by at
least 50% and meet the demand for grain for an additional 3-4 billion people globally.

At least two third of the field losses namely 700 mt are related to biotic stresses. Plant breeding is
supposed to be responsible for about a third of this amount (233 mt). However, it is impossible to breed
for resistance against 200 diseases of a crop. Plants are generally treated for the 4–5 most important
diseases by farms; therefore, resistance and pesticide treatments should be combined. For the rest of
the losses (roughly 500 mt), both correct pest management and agronomy measures are needed.

7. Conclusions

Increasing global population and decreasing natural resources associated with growing FL and
FW have resulted in an unprecedented challenge. Transforming a wasteful food supply chain into
a sustainable food solution needs collaboration between researchers and multi-stakeholders in the food
supply system. This conclusion is in line with several studies [16,19,29,30]. We have to understand the
key drivers causing FL and FW across the food supply chain and find solutions for reducing these
losses and waste. The field of FL and FW lacks appropriate metrics used to calculate benefits and
trade-offs. Stakeholders in the food supply chain have incomplete data about how much FL and FW is
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generated or the total costs of its management to make these comparisons. This outcome is supported
by other reviews as well [9,10].

The results show that cumulating harvesting, storage and toxins losses along the grain supply
chain may reach up to 690 mt annually, excluding the 1.051 mt of pre-harvest losses. Besides pre-harvest
losses, the highest rates of loss are associated with storage and mycotoxin contamination. Breeding,
cultivation, plant protection, harvesting, storage, handling, and transportation practices play key roles
in the efficiency of the grain supply chain. Grain loss in the future depends on technology and the
workforce. In addition, consumer waste is based on consumer behavior and food waste management.

At present, a significant increase in global grain production only by the introduction of new higher
yielding varieties is not possible. What are the limitations? Interestingly, it is not the shortage of inputs,
such as fertilizers, chemicals, etc., that plays an important role in restricting increases in the yield and
quality of cereals. The shortage of water is an acute problem on one side, with research on the other.
Cooperation among those involved in breeding to increase yield, to improve resistance to biotic and
abiotic stresses and agronomy is poor, as these fields largely work separately from each other and their
positive innovative effects are not utilized to the extent that could be possible. Special problems occur
in the field of toxigenic fungi. However, in recent decades screening and genetic methods have been
used to increase resistance levels. The problems at the harvest and storage stages represent a very
strong limitation, leading to losses of several hundred million tons of grains. In many regions of the
globe poor infrastructure is also a strong limiting factor, inhibiting the application of modern logistics,
installations, machines etc. The lack of special education is a very strong limiting factor causing very
high losses before and after harvest. This conclusion is consistent with previous studies [24,29,30].

How do we prevent a significantly higher amount of loss? Plant breeding must consider closely
global needs and local activity in order to reach the highest adaptation of the cultivars bred, because
cultivars have to resist to different challenges of both biotic and abiotic stresses. We face a special
problem in stresses such as drought, heat, toxic fungi, and leaf spots that inherit mostly polygenic traits
and so breeding is more complicated than in the case of monogenic traits. We should be aware that
each crop has about 200 pathogens, of which 4-5 can be treated in a breeding program, indicating the
need for chemical control when a new disease appears in the field. A much higher resistance is needed
against toxigenic fungi; therefore, crop production must be much better adapted to local conditions.
The finding is in line with previous literature [28].

About 20 years ago, we spoke about integrated crop management to reduce pesticide use. Today,
Intelligent Field Crop Management is spreading. It is necessary to evaluate for each field the optimal
mix of variety, agronomy, pesticide application, irrigation, and previous crop selection to ensure
maximum possible yield by using necessary pesticides. Harvest and storage management should
be modernized. The current best available technologies reduce loss during storage by 2–3% without
quality reduction. This outcome is in accordance with the studies published by [8,19,34,35].

In order to prevent grain loss farmers should be educated globally; the extension service in
the US can be an example to follow. Demonstration farms can show farmers how intelligent field
crop management works in practice. The vocational school system should also be adopted to meet
these new challenges. The production method used in developed countries should also be applied in
the developing world. Developed countries also face new problems, including the ecological crisis,
therefore new solutions are needed through global action and scientific innovation. Local agricultural
development programs can solve local problems, but international organizations must support and
harmonize the global and local network.

Agriculture is a capital and knowledge-intensive sector, so huge agricultural investments must be
made in the next few decades to meet the challenges of the growing yield demand for grain, and at
the same time to maintain a sustainable environment. Therefore, reducing global losses and waste
along the grain supply chain is the most effective way to increase global food and nutrition security.
This needs long term thinking and not short run profit at a maximum level. For this reason, national
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and global regulations, investment and scientific policies are preconditions to provide reasonable and
sustainable solutions for the future; however, the largest task is to change the way we think.
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