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Introduction
Post-harvest losses of cereals and other grains, whether from spoilage 
microorganisms or insect pests, remain a significant issue in both the 
developed and developing world. Challenges include restrictions on chemicals 
for decontamination and increasing levels of insect resistance. This collection 
reviews the wealth of research addressing those challenges. Part 1 assesses the 
causes of postharvest losses from fungal contamination, insect and rodent pests. 
Chapters in Part 2 review advances in bulk and other storage technologies, 
including developments in detection as well as management of insect pests 
using techniques such as controlled atmospheres, biocontrol techniques and 
irradiation. The book also reviews advances in the detection and control of 
fungal contamination together with ways of monitoring the quality of stored 
cereal grains.

Part 1 Postharvest losses and their causes
Chapter 1 sets the scene for the book by looking at post-harvest loss from a 
managerial perspective. The chapter first reviews quantitative, qualitative, 
economic, societal and environmental aspects of post-harvest loss. Since 
complete elimination of PHL, given the likely costs, is not economically feasible, 
the chapter discusses defining appropriate targets and goals. It emphasises 
the need to assess the economic effects as well as physical losses from PHL. 
The chapter then reviews the reasons why so many interventions in this area 
fail (the post-harvest paradox). As the chapter points out, sustained success is 
achieved when an organically, self-sustaining market-based supply chain for 
the technology is established by effective collaboration e.g. through public-
private partnerships. An effective supply chain provides and enhances the 
technology — generating value for the farmer, market chain participants and 
consumers. The chapter shows how this market framework can be established 
in practice through three case studies: deploying metal silos in Central America 
(the Postcosecha Program), the use of triple layer bags in Africa (the PICS 
Project) and reducing PHL maize losses in Tanzania (the YieldWise Initiative). 

More than 150 species of filamentous fungi and yeasts have been isolated 
from cereal grains. Fungi are responsible for the highest fraction of loss to grain 
in storage and are regarded as the most important cause of spoilage in stored 
grain and cereal food products. Fungi cause cereal losses by reducing grain 
yields, by spoiling cereals and rendering them unfit for human and animal 
consumption, or by production of secondary metabolites like mycotoxins, which 
are harmful to humans and animals. Chapter 2 focuses on fungal ecology and 
storage fungal contamination in three major types of cereals (maize, wheat, and 
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rice) which constitute more than 90% of total world cereal production. It reviews 
what we know about the ecophysiology of species belonging to Aspergillus, 
Penicillium and Eurotium as well as mechanisms of infection, factors affecting 
proliferation of molds and ecological succession of molds in storage.

As Chapter 3 points out, phosphine gas has become the world’s primary 
fumigant for disinfestation of stored grain. Development and increase of strong 
resistance to phosphine is a threat to the continued use of phosphine and there 
are limited alternatives currently available. Understanding how phosphine 
resistance arises is critical in managing resistance problems and extending 
the useful life of this fumigant. The most recent advances have been in our 
understanding of the two genes that contribute to phosphine resistance in all 
pest species that have been examined in countries around the world. Resistance 
gene identification has led to the development of a monitoring tool based on 
the DNA sequence. Large surveys to test for resistance genes coupled with 
population genetics has provided us with information on how resistance arises 
and how it spreads, as well as in helping to identify alternative fumigants.

Post-harvest losses by rodents are estimated to around 5-10%, which is 
similar to the level of post-harvest losses caused by insects. Chapter 4 reviews 
advances in understanding rodent pests affecting cereal grains. It assesses the 
limited number of studies measuring post-harvest rodent damage and losses. 
The main pests are the widespread commensal rodent species. Rodents cause 
direct losses by consuming grain, but they also spoil grain (contamination 
with hair, urine and faeces), and expose grains to further mould or insect 
damage. There is a risk of transfer of diseases and zoonoses to humans and 
livestock. Rodents damage infrastructure such as the warehouses and stores 
themselves, but also cables and water pipes. As the chapter shows, there is 
relatively little information about the ecology of the main rodent pest species in 
grain stores. This remains an important research topic to improve management 
recommendations about the timing and location of control strategies.

Part 2 Storage technologies
Chapter 5 provides a comprehensive and wide-ranging review of key research 
and best practice on the design and construction of silos, horizontal building 
structures and on-the-ground piles as methods of bulk grain storage. The 
chapter also discusses the range of preventative strategies for preserving grain 
quality (such as sealing and aeration) as well as intervention techniques such 
as gas fumigation, modified atmosphere, ozone and cold plasma treatments. 
Finally, it summarises key best management practices such as SLAM (Sanitation, 
Loading, Aeration and Monitoring) and DICE (Dry Grain, Inspect, Clean and 
Examine) management techniques.
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Ch 6 discusses developments in the use of hermetic bags in grain storage. 
Smallholder farmers’ interest in hermetic bags has been driven by the need to 
reduce grain storage losses due to insect pests as well as limitations in current 
storage methods. Hermetic bags commercially available for grain storage 
include single-, double- and triple-layer plastic bags. For the last 12 years, more 
than 20 million hermetic bags have been sold to smallholder farmers and other 
users in Africa (primarily) and Asia. The rapid increase in the use of hermetic 
bags is due to the scalability of both awareness activities, including training 
to create demand, and supply chain initiatives to improve availability through 
the private sector. Ongoing challenges to increase adoption of hermetic bags 
include limited awareness and availability of the technologies in rural areas, 
variability in the quality of the hermetic bags, and lack of standards to ensure 
effectiveness across different products. The chapter includes a case study on 
the use of the Purdue Improved Crop Storage (PICS) bag.

Chapter 7 surveys advances in detection and monitoring in managing 
insect pests in postharvest storage of cereals. Stored-product insects 
damaging grain are difficult to locate, making sampling and detection 
challenging. The chapter outlines the advantages and disadvantages of key 
methods for detecting insects: imaging, NIR, visible light, microwaves, X-rays, 
sound and DNA techniques. It discusses factors affecting trapping including 
species, grain temperature, trap placement, trap type and insect population 
density The chapter also discusses challenges and advances in absolute or 
relative sampling with respect to sample number, sample unit and sample size, 
economic thresholds, sequential sampling and predictive models.

As Chapter 8 shows, oxygen-depleted controlled or modified atmospheres 
(CA/MA) generated by a variety of different methods and alteration of 
temperature of stored cereals have been used successfully to replace 
fumigants for insect control. CA or MA have been used in specially constructed 
rigid structures for the preservation of cereal grains. Plastic structures suitable 
for long-term, large-scale storage or for intermediate storage of grain in bags 
or in bulk have also been developed. The chapter also reviews the use of 
temperature in insect control. Aeration e.g. is a widely used method to modify 
the grain bulk microclimate to render it unfavorable for the development of 
damaging organisms in the grain. Chilled aeration with refrigerated air can 
be used when ambient air may not be sufficient to cool grain sufficiently to 
manage pests and maintain grain quality.

Chapter 9 reviews biologically-based control strategies for managing 
stored-product insect pests. Several biologically-based strategies to protect 
stored plant products from infestation are currently used but they still need 
to be further optimized for a more effective implementation in practice. This 
includes the use of semiochemicals for the monitoring and control of pest 
populations and the release of natural enemies of stored-product pests (i.e. 
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parasitoids) as biological control agents. This chapter provides an overview of 
current knowledge about these two alternative control strategies and discusses 
how to increase their efficacy or improve control of insects infesting stored 
products by combining different approaches.

As Chapter 10 indicates, irradiation is a viable alternative to fumigation 
as a pre- or post-shipment quarantine treatment for control of stored product 
insects and pathogens in cereals and grains. Electron beam (e-beam) and x-ray 
are machine sources of ionizing radiation that avoid the problems associated 
with the transportation of radioactive isotopes. The chapter assesses the 
advantages and disadvantages of these techniques. Electron beam has low 
penetration but high efficiency. X-ray has excellent penetration properties but 
is less energy-efficient than electron beam techniques. As the chapter points 
out, e-beam is ideal for high throughput treatment, whereas x-ray systems 
are ideal for bulk or pallet-scale treatment of cereals and grains. The chapter 
includes a case study showing the use of low energy electron beam (LEEB) 
and x-rays to disinfest rice. The chapter shows that irradiation may be helpful 
in controlling fumigant resistant insect populations (e.g. to phosphine) and 
could help manage resistance by preventing the spread of resistant insects in 
exported cereals and grains.

Chapter 11 discusses advances in postharvest detection and control of 
fungal contamination of cereals, based on understanding the role of abiotic 
factors such as water availability and temperature and their effects on the 
ecology of spoilage and mycotoxigenic fungi. The chapter reviews the use 
of volatile organic compounds (VOCs) as an early indicator of spoilage. The 
potential of measuring CO2 for the early detection of fungal spoilage moulds in 
stored grain is examined in combination with predictive modelling of boundary 
conditions for growth and toxin production as tools for the development of 
DSS systems. Control measures including abiotic factors, use of natural 
preservatives, biocontrol agents, and physical methods such as irradiation, 
cold plasma treatments, hermetic bag systems and fumigation with ozone (O3) 
are considered. Finally, the potential of developing real time approaches for 
better post-harvest management of stored cereals and other commodities are 
discussed.

Building on the previous chapter, Chapter 12 reviews advances in sensor 
technologies for monitoring the quality of stored cereal grains. State-of-
the-art monitoring systems have sensors that can early detect the onset of 
spoilage before “hotspots” develop and alert the user of their location through 
real-time data that can be delivered directly to cloud-enabled devices. The 
chapter reviews the range of types and applications of sensor for monitoring 
temperature, relative humidity and moisture content, carbon dioxide and 
oxygen, phosphine and other gases, as well as volatile organic compounds.



© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.

Introduction xxi

Building on themes in Chapter 1, the final chapter in the book, Chapter 13, 
discusses ways of better supporting smallholder farmers in developing countries 
to improve postharvest management (PHM) of staple grains. The chapter 
analyses PHM practices, available technologies and delivery models, and 
examines factors causing non- or poor adoption of the technologies in 
developing countries. Missing parts of the PHM jigsaw puzzle are identified 
and possible practical solutions offered. The chapter proposes strategies to 
support smallholders in building sustainable and robust PHM interventions 
to enhance technology uptake for effective reduction of postharvest loss in 
quantity and quality. 
 



Part 1
Postharvest losses and their causes
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Chapter 1
Post-harvest losses of cereals 
and other grains: opportunity 
among issues and challenges
Steven T. Sonka, University of Maryland, USA

 1 Introduction
 2 Is zero loss a desirable goal – what does economics tell us?
 3 What is the ‘hidden tax’ resulting from excessive post-harvest loss (PHL)?
 4 Can we move from measuring loss to managing to reduce PHL?
 5 Can we overcome the PHL paradox?
 6 Examples demonstrating the potential for sustainable reduction of PHL
 7 Summary
 8 Where to look for further information
 9 References

1  Introduction
Managing post-harvest loss (PHL) is a challenge endemic to agricultural and 
food systems. Time and resources are devoted to producing an attractive 
field of grain or an orchard of trees brimming with fruit. But to be available 
to consumers, that produce must be harvested, stored, transported, and 
processed within systems that may operate over several months and at 
considerable distances. Without appropriate care and attention, loss can occur 
at distressingly high levels.

In developing countries, PHL routinely exists at excessive levels, resulting 
in reduced well-being for small-holder farmers (SHFs), higher prices for 
consumers, diminished food security, and unnecessary environmental 
degradation. Natural and human resources employed to produce agricultural 
products, which are then not consumed, enlarge the environmental footprint of 
agriculture. In developed nations, food waste (loss at the retail and consumer 
level) comprises the dominant component of total food waste and loss. This 
chapter, however, is focused on loss at the producer level and supply chain 
level in developing nations.

Post-harvest losses of cereals and other grains Post-harvest losses of cereals and other grains
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A 2011 FAO report estimated that one-third of food production is lost 
or wasted, not reaching consumers (Gustavsson et al., 2011). In developing 
countries, activities in the post-harvest and processing stages account for more 
than 40% of the loss. In recent years, recognition of the extent of PHL and its 
negative impacts has fueled interest in the topic as a societal problem. Indeed, 
simply typing the phrase amount of PHL into a web browser retrieves nearly 
900 000 hits with eye-popping numbers, such as:

 • ‘At $1 trillion, it’s an opportunity cost so large that it nearly equals the 
entire gross domestic product of sub-Saharan Africa. By most official 
statistics that’s the value of food that gets lost or wasted every year in 
the production process – roughly 30 percent of the amount that gets 
harvested’ (Mendoza, 2016).

 • Estimates range from 5 to 30% or more, and in sub-Saharan Africa alone, 
the value of PHL overall is thought to be around $4 billion (£2.5 billion) a 
year (Van Vark, 2012).

 • In sub-Saharan Africa, up to 50% of crop production may be lost before 
produce reaches the consumer. Losses result from poor storage and 
handling practices and a lack of infrastructure. With an estimated value 
of US$4 billion, these losses threaten the food security and livelihoods of 
millions (Aphlis, 2019).

1.1  PHL – not a new societal concern

Excessive PHL and its associated negative impacts are not new topics of global 
interest. In 1975, the then US secretary of state, Henry Kissinger, made an 
eloquent plea detailing the need for global efforts to reduce PHL. Following 
his exhortation, the UN General Assembly adopted a resolution, calling for at 
least a 50% reduction within ten years (Bourne, 1977). However, more than 
40 years later, many developing countries are still struggling to find sustainable 
solutions to mitigate PHL of cereals and other grains.

When making presentations on the PHL topic, I find that audience members 
are surprised that ‘way back’ in 1975 the United Nations considered PHL to be 
an issue worthy of attention. I then ask:

 • Was the UN resolution successful? Did we, globally, reduce PHL by 50%?
 • The first, and most common, response is, ‘We don’t know!’
 • While, empirically, that answer is correct, my belief is that PHL likely was 

reduced significantly – as a global average.

The support for that assertion is based upon the massive reduction of PHL in 
the agricultural systems of developed nations that has occurred over the last 4 



© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.

Post-harvest losses of cereals and other grains 5

decades. In the 20 years or so before the UN resolution, I was growing up on 
a small farm in Iowa, in the Central United States. For much of that time, the 
practices and technologies employed at harvest and during storage resulted 
in losses that were considerably higher than those which exist today in that 
community. Indeed, the maize storage facilities typically used on our farm in 
the 1950s are similar to those I personally observed on small farms in Kenya in 
2019.

There are many reasons why PHL levels are substantially reduced in places 
such as Iowa while remaining stubbornly high in places such as Kenya. The 
second part of this chapter’s title provides a somewhat simplistic explanation: 
in agricultural systems where losses have been reduced, opportunity drove 
decision makers to take action to resolve the issues and challenges associated 
with reducing PHL.

1.2  PHL is multidimensional

In this chapter, I hope to focus attention on a few key factors associated with that 
opportunity perspective. One of these factors is that PHL is multidimensional. 
However, PHL is often addressed as a singular phenomenon with simple causes 
and remedies.

Five key dimensions are noted below:

 • Quantitative loss refers to the magnitude of physical loss of grain after 
harvest.
 º Generally, this type of loss is easily observable as, for example, grain 

laying along the road after spillage during transport.
 º Reported estimates of loss, especially those aggregated at regional or 

national levels, often include only quantitative loss.
 º Physical losses that occur during harvest are often included within 

estimates of PHL.
 • Qualitative loss occurs when key attributes of the grain have been 

diminished even though the amount of grain, physically, has not been 
reduced.
 º In some instances, the status of the key quality attributes is observable. 

For example, unthreshed rice laying on the ground can become 
discolored and have cracked kernels. Such grain is discounted in the 
market.

 º In other instances, such as aflatoxin contamination or poor nutritional 
value, the diminished quality attribute can’t be identified by visual 
observation. Often, however, buyers and processors, farther down the 
supply chain, are equipped to detect such quality issues.
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 • Economic loss refers to the reductions in returns that can occur throughout 
the supply chain of interest – from the SHF to the consumer.
 º Economic losses can result from both quantitative and qualitative 

sources of loss.
 º As noted in Section 2 of the chapter, the extent of economic loss also 

is determined by the amount and value of the resources needed to 
reduce loss. If an action to reduce loss requires more resources than 
are saved by reducing the loss, then taking that action actually could 
increase economic loss.

 º Conversely, excessive PHL levels exist when, with available 
technologies and practices, actions can be taken where the value 
of the crop saved exceeds the cost of saving it. These settings offer 
economic opportunity.

 º Grain that is of diminished quality (or when it is in excess) often is not 
completely discarded. For example, the highest economic value for 
wheat may be to be used in baking. However, the use of lower quality 
wheat as livestock feed does generate some value. In those instances, 
the economic loss is the differential in the value between the wheat 
used in baking and the value earned as livestock feed.

 º As illustrated in Section 3 of the chapter, SHFs often are subjected to 
an opportunity loss when the lack of storage capabilities requires that 
they sell their crop at harvest. In such instances, farmers do not have the 
opportunity to earn returns from storage.

 • Societal loss has important distributional implications, particularly in 
developing countries.
 º SHFs often bear a considerable portion of the adverse economic 

consequences of excessive levels of PHL.
 º Low-income consumers, whether in rural or urban settings, also can be 

adversely affected by higher food costs or restricted supplies resulting 
from excessive post-harvest.

 • Environmental loss refers to the bundle of natural resources used to 
produce those portions of the crop which are not effectively employed 
because of excessive PHL.

1.3  Moving forward

It is important to stress that PHL reduction is a multifaceted, systemic issue. 
Referring back to my Iowa farm experiences, and in similar locales, the PHL 
reduction required the contributions of many perspectives operating in an 
interrelated fashion, fit to the prevailing cultural and social context. Similarly, 
multiple perspectives will be needed to make significant future progress in 
developing nations.
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The perspective employed in this chapter is managerial in nature, with a 
heavy reliance on the discipline of economics. Again, let me stress that this 
is only one of several important perspectives which will be required to make 
substantial progress. Implementation of effective market-based systems has 
been shown to foster sustained PHL-reducing results. However, as detailed 
later, catalytic efforts from social and government sectors likely are necessary 
to facilitate the needed change within agricultural sectors in many developing 
countries.

Employing that managerial perspective, the following four interrelated 
questions frame the chapter’s remaining sections:

 • Is zero loss a desirable goal – what does economics tell us?
 • What is the ‘hidden tax’ from excessive PHL?
 • Can we move from measuring loss to managing to reduce PHL?
 • Can we overcome the PHL paradox – where despite infield demonstrations 

and pilot projects which consistently document significant benefits from 
employing appropriate PHL-reducing technologies, scaled adoption of 
those technologies doesn’t follow?

The summary section which concludes the chapter includes a discussion of 
research needs and opportunities.

2  Is zero loss a desirable goal – what does economics  
tell us?

Instances where excessive PHL exists often are quite visible. In India, torn and 
deteriorating jute bags with rice spilling from them and in Brazil, highways 
with a continual stream of soybeans laying along the road are oft-pictured 
examples. The technical and physical solutions similarly are visible and can 
have immediate effect. More durable bags and improved handling practices 
can reduce rice spillage, and better transport practices can limit loss of 
soybeans along the highway. Some observers of these scenes assert that ‘we 
need to stop such wasteful behavior. We need to have a goal of ZERO post-
harvest loss.’

While physical loss and technical solutions are key components of 
efforts to prevent and/or reduce PHL and food waste, they operate within 
larger economic, managerial and social contexts. Despite that reality, the 
economics of PHL and, more importantly, the economics of reducing PHL are 
not correspondingly well known. Reducing loss almost always increases gross 
revenues. However, relatively few comparisons are available which focus on the 
economic benefits. This deficiency is important because the decision maker, 
whether it be an SHF, private sector manager, or official in a government or NGO 
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agency, has to make choices. Typically, they are faced with choosing among 
several alternatives, each with potential benefits. Although economic viability 
doesn’t have to be the primary determinant, comparing financial benefits and 
costs is an important factor in choosing among alternatives.

Review of PHL literature, however, reveals that economic analysis of 
expected net benefits and/or actual net benefits achieved tends not to be 
reported. Having said that, it is important to emphasize that careful economic 
analysis of PHL reduction is difficult, mainly because of the lack of useful 
empirical data.

This section of the chapter employs a simple economic framework to 
explore two decision phenomena associated with PHL reduction:

 • The first examines the goal asserted by some that PHL should be eliminated 
completely from food supply chains.

 • The second conceptually demonstrates how implementation of 
appropriate technology can effectively reduce PHL and provide economic 
benefits.

Figure 1 employs a classic supply/demand framework to explore the goal 
asserted by some that PHL should be eliminated completely from food supply 
chains. That chart depicts a simplistic graph of supply and demand, where:

 • The vertical axis indicates economic value.
 • The horizontal axis indicates the level of reduced loss, where movements 

to the right indicate more loss reduction.

Figure 1 Economic interpretation of the goal to eliminate post-harvest loss (PHL).
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 • The horizontal solid line, D, represents the demand for loss reduction from 
the perspective of the individual decision maker.

 • The upward sloping solid line, S, is the supply curve for loss reduction, that 
is, the cost of reducing increasing amounts of loss. The upward slope of 
the line indicates that the per unit cost of loss reduction increases as more 
reduction is undertaken. In other words, there are diminishing marginal 
returns.

 • The line marked D intersects with the line marked S at the point which 
represents the current setting.

 • Further to the right on the horizontal axis, a dotted vertical line extends to 
intersect the supply curve, S. This hypothetical point is noted to indicate 
where achievement of 100% reduction of PHL might occur. That point 
corresponds to zero PHL.

The costs associated with achieving that level of loss reduction exceed the 
value of achieving that goal. The bracket labeled amount of inefficient resource 
use illustrates the amount of that inefficiency. Although expressed in economic 
terms here, the likely result of achieving zero PHL would be less sustainable food 
systems relative to the environmental and social dimensions of sustainability as 
well.

The prior economic illustration focused on the goal of zero PHL. The 
same general framework can be used to show the potential for gain from the 
reduction of PHL – which is the opportunity that likely exists in many food chains 
in the developing world. This second message is shown in Fig. 2.

The graphic in Fig. 2 illustrates the prior point that effective PHL reduction 
can provide important benefits. Here:

Figure 2 Illustration of economically sustainable PHL reduction.
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 • The line D1 indicates that higher quality products, likely to result from 
reduced loss, have more value to buyers.

 • The line S1 reflects the cost-reducing impact of successful interventions 
to reduce PHL.

 • The intersection of lines D1 and S1 represents the preferred level of loss 
reduction in economic terms.

The message of Fig. 2 is that successful interventions to reduce PHL can indeed 
provide economic benefits. Again, because such efforts reduce the impact 
of food chains on the natural environment, they are likely to contribute to 
the goal of developing more sustainable food chains. Further, reducing PHL 
often requires development of products and application of services in rural 
communities, where farmers reside and agricultural supply chains originate. 
Therefore, it is reasonable to expect that reduction of PHL can contribute to the 
triple bottom line associated with sustainability.

3  What is the ‘hidden tax’ resulting from 
excessive post-harvest loss (PHL)?

As mentioned previously, much of what I know about agricultural and food 
systems was learned growing up on a small Iowa farm. My parents devoted 
considerable attention to producing our crops and livestock, including 
implementing practices to reduce PHLs. However, considerable attention also 
was focused on the decisions of how much to sell and when. These decisions 
significantly affected the family’s well-being.

Interest in reducing PHL of cereals and other grains tends to focus on the 
amounts of loss in physical terms (kilograms or bushels). A less recognized 
dimension, however, is that the inability to effectively store produce also acts 
as a ‘hidden tax’, especially on SHFs, which extends well beyond the direct 
physical losses.

In this section, we explore this ‘hidden tax’ with empirical data from 
Africa and Central America. A few years ago, I participated in a workshop of 
agribusiness executives interested in PHL reduction in Africa. We reviewed 
findings from a World Food Programme project assessing PHL among 400 
SHFs in Uganda and Burkina Faso (Costa, 2014). Results from traditional storage 
methods are presented in Fig. 3.

The results are dramatic. Storage employing traditional practices results in 
more than 20% loss within 30 days and most of the stored grain is lost within 
90 days. The key implication is straightforward – traditional storage losses are 
unacceptably large. As one African executive in the group commented, ‘in 
reality, no one stores their grain for 60 or 90 days – because of the type of 
losses shown here’.
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The economically devastating result for SHFs is that their product often 
is sold at harvest when prices are lower and then purchased for consumption 
later when prices are higher. Selling at harvest also means that SHFs don’t 
participate in the marketing process. Instead they are trapped in a sell low/buy 
high cycle.

Although scant overall, some empirical evidence of the negative financial 
impact of this cycle is available. Evidence from the Purdue Improved Cowpea 
Storage (PICS) project reveals the nature of this source of loss. Commodity 
prices typically are low at harvest and then rise until the next crop’s harvest. 
Agricultural economists have quantified this relationship in eight African 
countries (Chapoto and Jayne, 2010). On average, prices in the high-priced 
month were 184% higher than those in the low-priced month (ratios for specific 
countries are in Fig. 4).

While these price differences suggest that there are potential economic 
benefits from storage, there also are additional costs. Fortunately, we can look 
to additional work (Jones et al., 2011; Lowenberg-Deboer, 2014) as to the net 
benefits of SHF storage. Table 1 documents that effective storage (in this case, 
use of PICS bags) has a positive impact on the income of SHFs.

The Postcosecha Program in Central America provides additional 
evidence of the hidden tax effect. Over the last 20 years, the Swiss Agency 
for Development and Cooperation (SDC) successfully fostered the adoption 
of metal silos for grain storage in four countries. With approximately 670 000 
metal silos adopted, 415 000 rural households were helped, preserving about 
380 000 tons of grain annually (Fischler et al., 2011).

Post-program impact assessment indicated that maize farmers using metal 
silos received a higher price than those selling directly after harvest. In 2009, silo 
users received an average price of $32.44/100 kg while non-silo users received 
an average of $27.78/100 kg (Fig. 5). Generally, metal silo users gained 23% 

Figure 3 Average recorded losses (maize) in Uganda, Dec 2013–Apr 2014 (Costa, 2014).
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more than nonusers. For a medium-sized farm in this region, the benefit-cost 
ratio (BCR) was 2.6 and the internal rate of return (IRR) was 55% – with partial 
subsidies. Without subsidies, the BCR was estimated to be 1.4 and the IRR 22%.

These data illustrate the relationship between post-harvest storage and 
enhanced well-being for farmers. Additionally, important systemic benefits 
arise when SHFs are engaged in the marketing process. In my boyhood farming 
community, I saw how marketing of stored commodities expanded the farmer’s 
decision-making perspectives. When farmers are routinely engaged in storage 
and marketing, the effect extends to the community. The skills and capabilities 
needed for effective marketing can foster additional economic activities in the 
community. Conversely, excessive PHL, because of the lack of storage and 
marketing capabilities, acts as a hidden tax on the community as well.

Figure 4 Economic assessment of PICS bags in selected African countries (Chapoto and 
Jayne, 2010).

Table 1 Adjusted real crop income on 100 kg of maize in Tanzania (Tanzania shilling)

Method of storage 
and timing of sale

Sold at 
harvest

Sold in February, traditional 
storage, no insecticide

Sold in February, 
stored in PICS bags

Adjusted real crop 
income

7651  8836–12 501 18 749
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glabrum 47
islandicum 51
oxalicum 46
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verrucosum 37, 46–47, 53, 55, 341, 

342, 347, 349, 350, 352
viridicatum 40, 46
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Peromyscus spp. 103
Pest control organisms 272–273
PfR. see Pay-for-Results (PfR) prize model
Phaseolus vulgaris 176
Pheromones 213, 269–272, 275, 282

of stored-product pests 276–277
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278–280
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Phosphine 232, 320, 322–323, 376–378
Phosphine resistance 67–68
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meaning of 69–70
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(PICS)
PICS Global 189
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Pieris spp. 295
Pigeon peas. see Cajanus cajanus
Pile cover 146
PIPs. see Plant-incorporated protectants 

(PIPs)
Pitfall traps 210–213, 211, 380, 381
Plant extracts/botanicals 275
Plant-incorporated protectants (PIPs) 272, 

273
Plant protection products 268
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portable 132
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(PICS) 11, 12, 20–21, 172, 173, 
178, 185–190, 348, 424
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Reactive oxygen species (ROS) 81
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Reduviid. see Amphibolus venator
Refrigerated aeration 252
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Relative estimates 200
Relative humidity 36–37
Relative humidity sensors 370–371
Rhizopus spp. 38, 41, 351
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Rhyzopertha dominica 60, 76, 78, 80, 

158, 207, 209, 213, 235, 239, 
241, 242, 256, 280, 283, 287, 
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infection in kernels during storage 50
mycotoxin producing fungi in stored 

rice 50–51
storage and harvest 49–50
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Rice weevil. see Sitophilus oryzae
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Rockefeller Foundation 179
Rodent pests 93–98
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future trends in 114
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rodenticides 107–109
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Roof and headspace ventilation 135, 143
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structures 140
ROS. see Reactive oxygen species (ROS)
Round silos 127
rph1 gene 73, 75–77, 80–82
rph2 gene 73, 75–81
Rural Development Initiative (RUDI) 180
Russia 52, 243
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Scleroderma guani 294
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Cooperation
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Seed and grain quality maintenance  

248–249
Semiochemicals 269, 273, 275, 285–286

application of 281–283
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future trends in 283–284
and parasitoids 291–294
use in stored-product protection  

275–280
Serricornin 282
SHFs. see Small-holder farmers (SHFs)
Sidewall support 146
Sierra Leone 95
Sigmodon hispidus 104
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aeration diagram 133
significance of 127–128
see also individual entries

Single hermetic bag 174
Sitophilus spp. 201, 214, 215, 287, 288

granarius 236, 242, 279, 321
oryzae 69, 207, 235, 236, 239, 321–323, 

329, 331–334
zeamais 48, 80, 158, 209, 247, 321

Sitotroga cerealella 278, 288, 322
SLAM. see Sanitation, Loading, Aeration And 

Monitoring (SLAM)
Small-holder farmers (SHFs) 3, 6, 10–11, 
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Smallholder farmers, supporting 389–394

future trends 430–435
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401–403

information and communication 
technologies (ICTs) 409,  
411–416

integrated PHM and implementation 
options 403–409

PHL reduction technologies 394–401
institutional, policy and market-related 
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and 416–424

sustainable market creation and  
424–430

Smooth-wall silos 130
Societal loss 5
South Africa 243
South America 243
South Korea 50, 95
Soviet Union 328
Spoilage moulds and mycotoxin 

 contamination
CO2 monitoring for real-time identification 

of risk of 344–345
control strategies 345–354

irradiation as control method  
350-351

factors affecting 341–342
Spontaneous heating 250–251, 260
SPP. see Stored-product protection (SPP)
Sri Lanka 95
Steel framing 138–139
Steel silos 129–130, 135

benefits of 130
limitations of 130–131

Stemphylium spp. 37
Sticky traps 209, 213
Storage mycoflora 36, 37
Stored-product protection (SPP) 270
Strip auger samplers 206
Strong resistance 73
Sub-acute rodenticides 108
Sub-Saharan Africa (SSA) 4, 172, 174, 177, 

178, 190, 391, 392, 405
Suction aeration 134–35
Sudan 243
Sulfuryl fluoride 83–84
SuperGrainbags™ bags 172, 173, 178
Supply chain 17–18, 17
importance, in development project  

20–21
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Swaziland 232
Sweep conveyors 133
Swiss Agency for Development and 

Cooperation (SDC) 11
Syngenta 112

Tanzania 95, 100, 179, 188, 408
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in 112–113
Tarp 145–147
Temperature and relative humidity of air, 

surrounding grain 370–371
Temperature cable sensors 365–367
Temperature equalization throughout  

grain bulk 249
Temperature sensors 344
Tenebrio molitor 280, 294
Teretrius nigrescens 280, 286, 405–406
Tetraploid durum wheat 52
Thailand 48, 95
Thanksgiving Day 33
Theocolax elegans 288
Thermal plasma 160
Thermistors 366
Thermocouples 365
Thermotolerants and thermophiles 35
Thinline traps 209
3D imaging technology 379–380
Three-step approach 14–15
Toxoplasma gondii 110
Traps 110, 205–213, 380–381
Trécé Inc. 209, 210, 212
Tribolium spp. 201, 210, 213, 214, 235, 280, 

288, 294
castaneum 48, 69, 76, 78, 80,  

158, 207, 209, 235, 236, 239, 
283, 352

confusum 48, 236, 241, 279, 288, 292, 
293, 294

Trichogramma spp. 280, 287
evanescens 281
pretoisum 295

Triple hermetic bags 174
Triple layer storage bags, in Africa  

20–21
Triticum spp. 52

monococcum 52
turgidum 52

Trogoderma spp. 279
granarium 70, 200, 210, 279, 283, 322

Turkey 77
Twitter 414

Uganda 10, 11, 188
UGMA. see Unified Grain Moisture Algorithm 

(UGMA)
Ukraine 52, 243, 328
Umuganura’ day 33
Uncovered piles 145
Underground pits 172
Under-roof condensation 250
Unified Grain Moisture Algorithm 

(UGMA) 369
United States Department of Agriculture 

(USDA) 320
Agricultural Research Services 135

Upward aeration 153
Uruguay 243
US Code of Federal Regulations 272
USDA. see United States Department of 

Agriculture (USDA)
US Food and Drug Administration 

(FDA) 46, 51, 320, 324
US grain pile 147–148

Vacuum treatment 157
Value Added Tax (VAT) 183
Vapormate 84
Variance 216
VAT. see Value Added Tax (VAT)
V-bottom buildings 140–141
Venturia canescens 287
Vietnam 48, 409
Vigna spp.

inguiculata 173
radiata 176
subterranea 176

Volatile organic compounds (VOCs) 283, 
284, 378–379

Volatiles, as early indicator of stored cereals 
spoilage 342–343

Warehouse pirate bug. see Xylocoris  
flavipes

Warehouses 126, 137, 138. see also Bulk 
storage

Weak resistance 73, 80
Web Foundation 416
Wefarm 414
West Africa 180
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WFP. see World Food Program (WFP)
WhatsApp 414
Wheat, fungal contamination in 52, 54

infection in wheat kernels during 
storage 52–53

Wireless monitoring 245, 257
Wireless sensor network (WSN)  

372–374
Wire netting, for rodents 110
Wood framing 139
World Food Program (WFP) 132,  

179–180
WSN. see Wireless sensor network  

(WSN)

Xerophiles 35–36
X-ray radiation 325–327
Xylocoris flavipes 286

Yellow mealworm beetle. see Tenebrio molitor
YieldWise initiative 21–23, 179
YouTube 414

Zaire 96
Zambia 96, 412
Zea mays 176
ZeroFly® hermetic storage bag 173, 174, 178
Zero loss, significance of 7–10
Zimbabwe 399, 403


