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About the report 

This report, Promising interventions for inclusion in investments to reduce postharvest losses of key 
food crops in sub-Saharan Africa and South Asia, draws out key actionable insights from two 
companion reports that review the academic literature on postharvest losses in these regions and 
assess the current landscape of postharvest loss reduction actors and interventions in a selection of 
African countries. The authors of this report are Tanya Stathers (Natural Resources Institute (NRI), 
University of Greenwich) and Deirdre Holcroft (Holcroft Postharvest Consulting). The authors bear sole 
responsibility for the content of this report, and any errors and omissions are the authors' sole 
responsibility. Please direct any comments or queries to the corresponding author, Tanya Stathers, at 
t.e.stathers@greenwich.ac.uk. 

Review process  

This report was reviewed by Aine McGown and colleagues (Food & Agriculture R&D Adviser and 
colleagues, FCDO). 
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How to use this document 
Postharvest (PH) systems include a number of different activity stages, which vary by crop, by location, 
and are done over different time periods by different actors with varying resource situations and 
intended end-uses. At each of these activity stages (e.g., harvesting, transporting, drying, threshing, 
packaging, storage, marketing) losses can happen due to a range of different and possibly interacting 
causes (Fig. 1). This complexity is not a reason for inaction, instead recognising and understanding and 
working with it is an opportunity for supporting and targeting relevant, acceptable and effective 
investments to reduce postharvest losses (PHL), to help maximise the value and impact of investments.  

The diversity of postharvest activities and systems means there is no simple answer for reducing 
postharvest losses (PHLs) in all these different crops. But, a number of interventions that reduce losses 
during specific PH activity stages for some of the key food crops have been studied and information on 
their technical efficacy exists although there is very limited information about any of the social, 
economic or environmental outcomes of these interventions, and the outcomes may differ by situation.  

 
Figure 1. Grain postharvest activity stages and typical loss causing factors at each stage 

This document presents findings of promising PHL reduction interventions which evidence collected 
during a recent update of a systematic scoping review (SSR) of crop postharvest loss reduction 
interventions in sub-Saharan Africa (SSA) and South Asia (Stathers et al., 2024a; Stathers et al., 2020) 
suggests can usefully form part of an informed strategy for reducing PHLs. The review covered 22 key 
food crops0F

1 of importance in the domestic food systems of the focal 57 low and middle income 
countries in SSA and South Asia. The review screened and synthesised the available PHL reduction 
research findings for each of these food crops from the 1970s to January 2024. In this document we 
also highlight some issues of relevance to these interventions and their focal PH contexts building on 
the experiences and perceptions of knowledgeable PH key informants in four SSA countries gathered 
during a recent consultation study on PHL reduction interventions (see Stathers et al., 2024b).  

 
1 [Cereals]: maize, rice, sorghum, wheat; [Legumes]: beans, cowpeas, pigeon peas, chickpeas, groundnuts; [Root 
and Tuber]: cassava, potato, sweetpotato, yam; [Fruit]: plantain, banana, mango, papaya, citrus (all citrus fruits 
including orange, lemon, lime and mandarin); [Vegetable]: cabbage, onion, tomato, leafy vegetable. 
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Interventions to reduce PHLs can take many different forms. For example, training, access to finance, 
policy and regulation, farmer organisation, changes to handling practices as well as tangible 
technologies/ equipment/ tools. These different types of intervention can also be bundled together. The 
SSR categorised the PHL reduction interventions by these types, and by the PH activity stage which they 
target. Technology/ equipment/ tool type interventions dominate the evidence-base followed by 
handling practice changes, but little, if any, evidence on the other intervention types was found.  

This document is structured to enable the reader to quickly gain an understanding of the promising PHL 
reduction interventions for the different crop groups (cereals, legumes, root and tubers, fruits and 
vegetables) and their different activity stages (e.g., loss reduction during harvesting, or threshing, or 
storage etc.). Using the SSR findings, the most ‘promising interventions’, which the evidence has 
shown to be technically effective at reducing losses are presented in bold text for each named crop 
and activity stage. The information on the technical efficacy1F

2 is then followed by any details of social, 
economic and environmental outcomes identified during the SSR or consultation, but such information 
is limited. This document’s information expands on the summary table presented in the SSR 
highlighting effective PHL reduction interventions alongside the critical gaps in the evidence (see 
Appendix 1), and the list of policy and investment recommendations (see Appendix 2).  

The updated SSR indicated the continuing need for study and systematic assessment of interventions 
across the entire value chain (as on-farm storage interventions for cereals, particularly maize dominate 
the current evidence-base), over multiple seasons and sites, and targeting stakeholders beyond 
farmers, if goals such as the Malabo Declaration’s aim to reduce PHLs by 50% are to be achieved. The 
lack of studies on the impact of training, access to finance, infrastructure, policy and market 
interventions on PHL reduction highlights the need for evidence on interventions beyond technologies 
or handling practice changes. Additionally, more studies are needed connecting the impact of PHL 
reductions to social, economic and environmental outcomes. The SSR report provides further details 
on the interventions and outcomes. While a small body of further information may exist on social, 
economic or environmental outcomes of some of the interventions identified as promising through the 
SSR, a separate study of that was beyond the scope of this assignment which builds on the screening of 
>16,000 studies and detailed review of 457 crop PHL reduction studies, although the findings of a few 
interesting studies beyond the SSR evidence-base are discussed2F

3. Existing information suggests factors 
influencing the uptake of PHL reduction interventions include cost, local availability, access, ease of 
use and reuse, quality, cultural acceptability, life-span, one-time subsidies, scale, awareness and 
demonstrations, use by neighbours, literacy, supportive policies and regulations, labour requirements 
and availability, and training alongside technical efficacy. 

Despite the lack of information on social, economic, environmental outcomes of most of the 
technically effective interventions, they are still ‘promising interventions’ which could be included in a 
basket of options to be integrated into projects in which multi-stakeholder groups prioritise learning 
topics. Together these stakeholders can test and monitor different interventions to see how they 
compare to, complement or improve what is already being done by different actors, such as farmers 
and traders, to reduce losses. Decisions often must be made using incomplete information, but that is 
not a reason for inaction. By embedding collective learning processes into programme and project 
delivery, stakeholders can together evaluate and share their learning on these ‘promising interventions’ 
and in so doing broaden and deepen the knowledge about them, helping improve programme delivery.   

 
2 PHLs are multidimensional and can be measured in different ways, both quantitatively (physical loss) and 
qualitatively (for example, increased damage, decay, breakage, contamination with toxins, reduced seed viability 
and deterioration in the nutrient content or economic value of a product) (World Bank et al., 2011; FAO, 2019).  
3 The SSR exclusion criteria excluded any studies which did not show evidence of actual loss reduction; therefore, 
studies which have looked at the social, economic or environmental outcomes of PHL reduction without also 
evidencing the loss reduction itself were excluded in the SSR. 
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Promising interventions for reducing crop postharvest losses 
 

Cereals 
Most of evidence for cereal PHL reduction interventions is focused on the technical efficacy of different 
farmer-level storage loss reduction technologies for maize. The SSR’s maize PHL reduction evidence-
base contains information on a few interventions to reduce losses during harvesting, drying, 
threshing/shelling, and sorting as well as storage and these are described in the following paragraphs. 

 

Maize 
Harvesting and field drying 
Maize should be harvested at the recommended maturity stage3F

4. Several studies have shown 
harvesting later increases grain weight loss and damage during storage (Borgemeister et al., 1998; 
Jonsson et al., 1987) and can increase aflatoxin concentration in the grain (Kaaya et al., 2005). 
Harvesting early has been seen to lead to higher incidence of mouldy, diseased or discoloured grains 
(Borgemeister et al., 1998).  

However, a study in Ghana, found leaving the cobs to dry on standing plants in the field, as opposed to 
heaping them in a pile led to reduced grain weight loss and lower aflatoxin concentrations (Manu et al., 
2019) (see SSR Table 5).  

Heavy workloads, labour shortages, unpredictable rains and other factors can impact on timely 
completion of various agricultural activities, including harvesting. Loss assessment studies in Burkina 
Faso and DRC, found women’s workloads in particular affected harvest timing (FAO, 2019a & b). 

 

Drying 
Protect maize grain from direct contact with bare ground during sun-drying, by using clean plastic 
sheets or tarpaulins or mats or drying floors or driers. Studies in Uganda, Tanzania and Ghana found 
higher weight loss and aflatoxin concentrations or odds ratios in maize grain dried directly on the bare 
ground as compared to when it is protected from having direct contact with the soil through drying it on 
plastic sheets/mats/tarpaulins or using raised drying racks (Kamala et al., 2016; Kaaya & Kyamuhangire, 
2010; Mwebaze & Mugisha, 2011; Bosomtwe et al., 2019) (see SSR Table 4).  

Drying maize grain in a thin as opposed to a thick layer ─ whether drying using sun-drying, protected 
solar bubble driers or solar cabinets ─ led to lower weight loss and less reduction in germination during 
subsequent storage in an Ethiopian study (Asemu et al., 2020). Although studies of different grain driers 
exist they tend to focus on the drying efficiency of the equipment as opposed to on the comparative 
levels of loss occurring between different equipment or methods. Recent work in Malawi highlighted 
that despite training leading to increased knowledge of proper drying methods, the space limitations at 
farmers’ homesteads and fear of theft if drying were done in the field meant that these methods were 
not then adequately practiced (Anitha et al., 2019).  

 
4 The maize crop is mature when the plant has become straw coloured (light brown), the grain hard, and some of the plants 
droop downwards. Cob maturity in maize can also be tested by checking for the black layer that forms at the base of grains 
(where they connect to the cob). The layer can be seen by removing grains from the cob and scraping the base with a fingernail 
(Hodges and Stathers, 2012).  



Promising interventions for reducing crop postharvest losses - 6 

Threshing/ Shelling 
For maize threshing interventions, varying results were obtained from different studies with some 
showing higher breakage rates of grains when machine as opposed to manual or stick beating threshing 
methods were used, and others lower breakage rates (SSR Table 5). Factors such as the type of 
machine, the flow rates and other settings, labour, variety and grain moisture content may also 
influence grain breakage rates. It should be noted that recent work by Hoffman et al. (2021) found a link 
between higher percentages of broken kernels and aflatoxin concentrations.  

Mechanised shellers can save time and labour (e.g., one mechanises sheller achieved a throughput of 
690 kg/hour versus 68.5 kg/hour from one person’s manual shelling (Mutungi et al., 2022b)). Freed up 
time can be transferred to (other) income-generating or care activities. In many situations women and 
children do most of the manual shelling of maize. One study in Tanzania found women were hesitant to 
touch shelling machines, but that this could be overcome if training on use of the machines was done in 
women only groups by a female agricultural engineering extensionist (Mutungi et al., 2022b). There are 
ongoing debates around the un/employment dimensions of increasing mechanisation in rural areas of 
low-income countries, and a need for more evidence. An Ethiopia study emphasised the influence of 
unimodal or bimodal rainfall on the benefit cost ratio (BCR) of threshers, highlighting that in double 
cropping locations the BCR of a multi-crop thresher increased above 14F

5 (Getachew et al., 2022). The 
price and efficiency of different machines means BCRs vary between them. A willingness-to-pay study 
in Tanzania found 80% of farmers would potentially adopt mechanised shelling if it was available as 
a rental service, no gender difference for this aspect was found (Mutungi et al., 2022b). 

 

Sorting 
Sorting of grains before storage and consumption is important practice for reducing insect and fungi 
at the start of storage, and for removal of grains which may have a higher risk of containing mycotoxins. 
Consumers in Kenya were found to generally prefer maize that they have grown themselves, this was 
due to perceptions of superior drying or storage practices and more careful sorting, as well as the 
absence of chemical additives (Hoffman & Gatobu, 2014; Hoffman et al., 2021). Discoloured or mouldy 
grains are most likely to be sorted out. However, recent work showed maize with no broken kernels 
contained roughly half the level of aflatoxin as maize in which over 10% of kernels were damaged 
(Hoffman et al., 2021). Raising consumers awareness that maize with significant breakage in the outer 
layer of the grain is likely to be contaminated with aflatoxin could help reduce aflatoxin exposure. Given 
the higher breakage rate reported in some studies when maize grains are mechanically versus manually 
shelled (e.g., 31.4% vs. 10.5% (Geremew et al., 2023)), and the expected increase in use of mechanised 
threshing in many locations, greater awareness about the associated increased aflatoxin risks with 
broken grains is needed. However, work in Malawi found there was limited willingness to discard grade 
outs even after learning about their negative impacts, this was due to the portion of grade outs 
accounting for 10-20% of their profits (Anitha et al., 2019). 

 

Storage 
The SSR found 90 studies focused on maize storage interventions, 85 of which were from SSA and five 
were from South Asia (India (4) and Nepal (1)). These studies predominantly focused on a range of 
interventions for managing storage insect pests. Promising maize storage loss reduction interventions 
which had been studied at least twice and kept median % weight loss below 2% during 6 months of 

 
5 A BCR above 1 suggests that the intervention should bring financial benefits, a BCR of 1 suggest the beneits equal the costs 
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storage and /or kept median grain insect damage5F

6 below 10% were the admixture of diatomaceous 
earth with grain prior to storage in woven polypropylene (PP) bags, hermetic bags and cocoons 
alone or in combination with other treatments or handling practices, grain stored untreated in 
plastic drums or metal silos, grain admixed with vegetable oils (see SSR Figs. 5a&b).  

Fumigation alone and when used in combination with botanicals, hermetic bags, synthetic chemicals 
or inert dust also kept grain weight loss below 2% during six months storage. However, fumigation6F

7 
should never be done within 100 m of human habitation and should only be carried out by trained and 
certified pest control operators and is therefore not suitable for smallholders who often store their grain 
within their households and who are not trained and certified operators.  

One of the most commonly used grain storage protection methods in the focal geographies is the 
admixture of synthetic chemical pesticide dusts (or sometimes liquid emulsifiable concentrates (ECs)) 
with grain. Many of the studies in the SSR had assessed the efficacy of synthetic chemicals, and median 
weight loss for a 6-month storage duration was 2.8% but ranged from 0% to 44.0%, and median % grain 
damage was 11.0% but ranged widely from 0% to 100%. Various synthetic chemicals had been studied, 
including pyrethroids, organophosphates, neonicotinoids and combinations of them. These products 
are marketed under trade names such as Actellic Super dust, Actellic Gold dust, Betallic Super EC, 
Chikwapuro, Malathion, Stocal Super dust, Shumba Super dust, Rambo. For any use of synthetic 
chemicals grain protectants, the product needs to be registered for use in the focal country and the 
specific use recommendations on the product’s label should be followed (e.g., dosage rate, application 
method) to optimise efficacy and to reduce risks to human and environmental health.  During 
interviews with PH key informants in July 2024, the importance of training on safe use of pesticides 
was repeatedly mentioned, this should be an integral part of all PH training curriculum. 

Differences in the types, efficacy, stability and application rates of synthetic chemicals and other 
protectants, the susceptibility of varieties, the environmental conditions, the time between harvest and 
store loading, the level of insect infestation at start of storage etc., account for some of the variability 
recorded in efficacy within interventions. Recently studied promising interventions also included a 
woven polypropylene (PP) bag with a hermetic liner with a synthetic pesticide incorporated into the 
liner, a hermetic liner inside a PP bag which has synthetic pesticide incorporated into its fabric. One 
Kenyan study showed that just changing the method and/or tool that farmers used to apply/admix their 
synthetic chemical grain protectant so that the protectant was more thoroughly mixed with the grain 
could significantly reduce grain damage during maize storage in Kenya (Mutambuki et al., 2010). 

 
6 Note there is a relationship between insect grain damage and weight loss during storage as that reported on was 
due to insect pest attack of the grain during storage. For maize, when 20% of grains show damage by insects this 
typically equates to ~5% weight loss (Holst et al., 2000), as only part of the weight of each damaged grain has 
been removed due to insect feeding or boring. 
7 Fumigation is a hazardous procedure, a toxic gas is used and this is a serious hazard for human health if 
exposure occurs, therefore fumigation must only be done by a licensed fumigator. Fumigation typically involves 
placing a gas-tight sheet over a stack of bags filled with grain in a store. Solid tablets of aluminium phosphide are 
placed on trays under the wooden pallets at the bottom of the stack. On contact with air the tablets release a 
poisonous gas, phosphine, that will kill the insects and can also kill humans (Hodges and Stathers, 2012). 
Fumigation should never be done when the enclosure is not sufficiently gas-tight, nor within 100 m of human 
habitation, nor if there is a danger of liquid water coming into direct contact with the metal phosphide tablets, nor 
if the temperature is below 15 °C, nor when it is very windy, nor if the stored commodity is flour or in fully sealed 
bags, nor when copper will be exposed to the gas. Effective fumigation requires the gas to be retained with the 
grain at the correct dosage and for the correct length of time. If either the dosage or the length of exposure are 
insufficient then some insect pests will survive the treatment (see section 5.14.3 in the training manual by Hodges 
and Stathers (2012) for further details on fumigation). 
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A recent study in Ethiopia found adding a hermetic liner into a traditional granary filled with cobs7F

8 also 
kept grain damage below 10% during 6 months storage (Tola et al., 2020). While early work in Kenya 
found that for cob storage, selecting cobs with tightly closed as opposed to open or loose husks 
reduced subsequent insect damage during storage (Giles & Ashman, 1971), a later study in Benin found 
the tightness of the husk made no difference to subsequent weight loss during storage unless the cobs 
with good husk cover were also fumigated prior to storage (Borgemeister et al., 1994). Where practical, 
adding the hermetic liner to the store or treating the cobs with grain protectants may also help protect 
them from insects during storage.  

Grain stored untreated without a protectant in bags that were not hermetic or grain stored in store 
rooms, warehouses or traditional or improved granaries typically suffered high median levels of grain 
damage (9.8-100%) during a six-month storage period, although variability was high between studies.  

A comparison of the percentage points reduction in weight loss and damaged grains in maize stored in 
each tested intervention versus in farmers’ traditional storage practices or in untreated stored grain was 
also done during the SSR (see SSR Fig 6a&b). In addition to the previously mentioned interventions, 
other interventions which were seen to be effective compared to leaving grain untreated or farmers’ 
traditional practices included, admixture with sand/ashes/dust and bag or plastic drum storage, use of 
nitrogen gas in a large metal silo, release of the predatory biocontrol agent Teretriosoma nigrescens in 
cob stores against the larger grain borer Prostephanus truncatus, use of diatomaceous earth plus the 
microbial (Spinosad), mass trapping using pheromone traps. 

Limited study of the importance of store hygiene has occurred although it is a key aspect in all PH 
curriculum to help reduce pests and particularly the carryover of pests between stocks from different 
harvests. The only study on store hygiene in the SSR was in Kenya and found farmers’ who received a 
higher store hygiene score had significantly lower maize storage losses (Makinya et al., 2021).  

There is less evidence on effect of storage interventions in protecting grain against rodent as opposed to 
insect pests. Since 2019, one maize study found a nine percentage point reduction in the likelihood of 
rodent damage in hermetic bags versus in jute sacks plus fumigant treatment (Shukla et al., 2023). 
However, during exploration of farmers’ store hygiene practices in Kenya, Makinya et al. (2021) remark 
on the many rodent damaged hermetic bags they encountered. Perforation of hermetic bags by rodents 
as well as insects is reported in some on-farm maize storage trials (e.g., Mlambo et al., 2017; Singano et 
al., 2019). An earlier Tanzanian study (Mdangi et al., 2013) showed that sealing of traditional granaries 
could reduce rodent consumption of stored maize grain, and closing sacks (as opposed to leaving them 
open) and then protecting them using a metal mesh as proofing could eliminate it.  

Four of the studies included in the SSR since 2019, reported on the effect of interventions on 
mycotoxins. Three of the studies (Opuku et al., 2023; Worku et al., 2022; Nyarko et al., 2021) had not 
fumigated the maize grain prior to set up, and found lower aflatoxin levels in grain stored in hermetic 
bags as opposed to in PP bags plus synthetic chemicals, or untreated in either PP bags or metal silos 
following six months of storage for two of the studies, and 12 months for the other study. A similar effect 
was seen for the mycotoxin fumonisin. Work from Nigeria showed that poor storage hygiene and no 
monitoring led to higher weight loss and a slight increase in aflatoxin concentration (Otitodun et al., 
2018). Studies of the effect of bundling multiple interventions together on mycotoxin contamination in 
maize grain found training combined with use of plastic drying sheets were the most important aspects 
for aflatoxins although for storage, protection from insect and rodent damage is needed. 

It should be noted that although the focus of most of the maize storage protection research to date has 
been on farm-level storage and farmers, some of the technically effective interventions (e.g., admixture 

 
8 Cob storage is the form farmers’ in that area of Ethiopia prefer  
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with synthetic chemicals or diatomaceous earth, storage in hermetic facilities) are also applicable for 
use by traders depending on their scale of operations, and their facilities. 

The reported cost of different types of sacks with and without addition of a synthetic chemical to treat 
100 kg of grain were typically <1 USD in studies since 2019. While hermetic bags ranged in cost from 
USD 1.20 to USD 2.50, varying by location, brand, and exchange rates. A local hermetic bag version 
using a fertiliser bag with a low-density polyethylene liner cost just USD 0.40. A 20-t capacity 
hermetically sealed cocoon cost USD 4,000, while a 1,000kg-capacity hermetic bag cost USD 190. 

Study of social, economic or environmental outcomes of PHL reduction interventions for maize or other 
crops is rarely undertaken. However, there is a clear link between access to improved storage 
interventions, reduction in storage losses, extended periods of sufficient food stocks and reduced food 
insecurity. In Uganda, provision of one hermetic bag per household led to maize being available for 
consumption for an extra 3 weeks (Omotilewa et al., 2018). Household-level metal silo use in Kenya led 
to the period of household food insecurity starting 7-10 weeks later (Gitonga et al., 2013, 2015). Self-
reported severe food insecurity reduced by 20.4% among Tanzanian households given five hermetic 
bags and three rounds of standardised PH training (Brander et al., 2021). Household food insecurity 
score reduced by 30.9% among Tanzanian households given PH training and enough hermetic bags to 
store 60% of their maize harvest, PH training alone reduced it by 10.8% (Chegere et al., 2020). An Indian 
study found hermetic bag use had no effect on dietary diversity, although sugar and dairy consumption 
increased (Shukla et al. 2023). However, hermetic bag storage of maize extended the duration of storage 
by 25%, increased the share of the harvest being stored, increased the sales price received by 13%, and 
the likelihood of a household making grain market sales by 30% (Shukla et al. 2023).  

Avoided or improved use of pesticides can have health, environmental and economic benefits. Less use 
of and expenditure on pesticides was reported for households using hermetic bags or metal silos 
(Gitonga et al., 2013; Omotilewa et al., 2018). The lifespan, recycling, repair and reusability of hermetic 
bags ─ which can be damaged by insects, rodents, chickens and poor handling ─ all influence the 
environmental and economic outcomes of hermetic bag use and deserve attention. While grain is 
sometimes stored in reused containers such as bags and drums it is important to ensure that these 
have not previously stored chemicals or other potentially toxic materials. 

Hermetic bags provide many benefits for maize storage given their efficacy and their removal of the 
need to admix pesticides with food grains. Concerns regards them include, the nascent stage of the 
supply and distribution chain in many of the focal countries making it difficult currently to access 
hermetic bags in many areas, their cost and the risk of them being punctured by insects, chickens, 
rodents or poor handling. It should also be noted that as with all products, the efficacy may differ 
between the different brands of hermetic bags. 

Several studies focused on the economics of maize grain storage technologies that reduce losses, 
several of them calculating the positive benefit cost ratios (BCR) for different interventions (e.g., 
hermetic bags, admixture with synthetic chemicals, metal silos, traditional granaries; a 20t hermetic 
cocoon (Gitonga et al., 2013 [Kenya]; Ndegwa et al., 2016 [Kenya]; Chigoverah et al., 2018 [Zimbabwe]; 
Gbenou et al., 2021 [Benin];  Kalsa et al., 2020 [Ethiopia]; Chegere et al., 2022 [Tanzania]; Shukla et al., 
2023 [India]). However, these were influenced by a number of factors including the selling price of the 
maize, the duration of storage, the volume of grain stored, the lifespan, reusability and repair of storage 
interventions, and the import tariffs. More detailed descriptions of the economic outcomes are 
provided in the SSR section 3.7.2. 

Study of the effect of introducing a quality sensitive market buyer alongside extension training into 
villages in Uganda saw farmers with access to a high-quality market receive USD 2.40 or 11% more per 
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bag of maize (Bold et al., 2022). The price and the productivity increase saw farmers in the treatment 
group earn on average USD 63 or 36% more per season than farmers in the control group. 

Beyond the SSR evidence-base there are a few other studies exploring the gender dimensions of 
storage. Hermetic storage bag use reduced perceived stress and increased coping by pregnant women 
in small-scale farming households (Eichenauer et al., 2023). A study of metal silos suggested men 
benefit more than women from the introduction of metal silos, that ownership of the grain storage 
facilities switch from women to men, and women’s rights to negotiate over and use the stored grain then 
diminish (Farnworth et al., 2021). It is important that socio-economic and environmental outcomes are 
monitored alongside technical efficacy. 

 

Combinations of multiple focal activity stages and interventions 
A handful of studies have shown that training on and use of improved PH practices combined with 
access to technologies can reduce losses. For example, when the effect of different combinations of 
training, plastic sheet for drying, grain dryer use and hermetic bag use on aflatoxin contamination of 
maize were studied in Kenya. Training on aflatoxin management and the use of drying sheets to 
protect grain from direct contact with the ground played the largest role in reducing aflatoxin 
contamination by over 50% (Pretari et al., 2019). Similar findings were reported from work in Senegal by 
Leavens et al. (2021) and Bauchet et al. (2021). Training on PH and/or aflatoxin management has 
been found to reduce perceived loss levels during studies in Tanzania and Malawi (Chegere et al., 2020; 
Vandercasteelen & Christiaensen, 2022; Anitha et al., 2019). One of these studies found bundling the 
provision of a hermetic bag with the PH training further reduced perceived levels of loss.  

In Kenya, the effect of combining farmer training on aflatoxin management with full price or subsidised 
access to PH technologies was studied, the use of plastic drying sheets (which cost USD 5 per farmer) 
led to 79% lower aflatoxin concentration which Pretari et al. (2019) suggest makes this a simple and 
relatively low-cost technology. They calculate the training costs at USD 1.70 per farmer and suggest 
USD 6.70 per farmer (which covers the drying sheet plus training) is cost effective compared to other 
methods such as Aflasafe KE01 which cost USD 8.40 per farmer without including training on timely 
and correct product application. Other costings of farmer trainings range from USD 50 per farmer for PH 
training including suite of interventions in Gambia (Turner et al., 2005; Wu & Khlangwiset, 2010); USD 
1.01 per ppb reduction of aflatoxin in a study with 2000 farmers in Senegal (Leavens et al., 2021; 
Bauchet et al., 2021).   

When farmers in Tanzania followed a set of improved PH practices (harvest timing, off-ground 
drying, threshing, winnowing, air-tight storage) as opposed to their ordinary practices, grain weight 
loss and damage during storage were reduced, but % mouldy grains remained similar (Mutungi et al., 
2022a; 2019). During interviews with PH key informants in 2024, the importance of training on safe use 
of pesticides was repeatedly mentioned, this should be an integral part of all PH training curriculum. 

One study’s findings suggested when women as opposed to just their husbands also attended PH 
training bundled with the provision of a tarpaulin and a hygrometer it led to a greater impact on reduced 
aflatoxin concentrations (Leavens et al, 2021). 

When the quantity of food saved by different combinations of grain PHL reduction interventions was 
converted into the equivalent area of agricultural land that could be saved (Mutungi et al. 2022b). The 
authors’ suggest the collapsible grain dryer (CDC) they tested could save 5-6% of the agricultural land 
area used, the mechanised sheller 6-8%, hermetic storage 8-17%. They calculate combining the 
collapsible grain dryer and mechanised sheller would save 8-11%, the hermetic storage and 
mechanised sheller 19-28%, and by combining all three interventions 21-32% of the agricultural land 
area could be saved.  
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Rice, Sorghum and Wheat 
The SSR’s evidence-base for PHL reduction of rice, sorghum and wheat is dominated by interventions 
for loss reduction during farm-level storage, with just a few studies examining interventions during 
harvesting and threshing. 

Harvesting 

Rice 
Harvesting rice at the recommended time resulted in lower reaping losses, scattering losses and non-
separation from straw weight losses (0-1.2%) and fewer broken grains during milling (8.5-10.0%) than 
either earlier or later harvesting (11–30.0% (early); 3.4-11% (late) weight loss and 14.9-5% (early); 15.2-
35.7% (late) broken grains) in studies from Pakistan (Bhatti et al., 1983) and India (Sajwan et al., 1993).  

Mechanised rice harvesting and improved harvest and handling practices were found to usually 
lead to lower actual or perceived weight losses, or lower numbers of uncut plants left in the field 
compared to the use of simple harvesting tools such as sickles. The cost and design of harvesting 
machines varies by location, prices reported in the SSR data set ranged from USD 1,750 to USD 36,000. 
Indian farmers viewed the pros of sickle use as it being cheaper, easy to operate, did not vibrate, not 
gender specific, easily available and easy to replace, light weight and compact in size, but they reported 
that the sickle was less-productive, laborious and time consuming to use and can cause injuries. The 
evidence in the rice harvesting studies came from Sri Lanka (Mahrouf & Rafeek, 2003), India 
(Basavarajappa et al., 2013; Mishra & Satapathy 2021), Bangladesh (Alam et al., 2016, Nath et al., 
2022), Ghana (Guisse, 2010; Appiah et al., 2011) and Nigeria (Castelein et al., 2022).  

Mechanising of rice harvesting was calculated by Castelein et al. (2022) to reduce losses and avoid 
GHG emissions compared to manual harvesting (for example, 0.9% losses reported with mechanised 
harvesting were lower than the 9.6% with manual harvesting). Castelein et al. (2022) suggest that if all 
the rice farmers in Nigeria (3.2 million ha of rice is farmed in Nigeria) harvested mechanically this would 
avoid 5.4 million tonnes of CO2eq. 

Wheat 
One study from India of mechanised combine harvesting of wheat reported that perceived loss was 
much lower than when harvesting with a sickle (6.3% versus 21.3%) (Hussain et al., 2019). 

Clearly loss levels associated with mechanised harvesting will vary based on the particular machine 
and the settings used, the crop type and the variety, harvest timing and conditions and the experience 
of the operator etc. Many of these factors also influence manual harvesting loss levels. Various service 
provision and/or farmer group ownership models for reapers/harvesters have been tried as they are 
relatively expensive investments (see Castelein et al., 2022). The likely outcomes from increased 
mechanisation of smallholder farming systems are a topic of debate, and key issues are summarised at 
end of the rice threshing section below. 

 

Threshing/ Shelling 

Rice 
Early work in Bangladesh comparing different rice threshing practices (e.g., hand beating, bullock 
treading and pedal thresher) found the lowest threshing weight losses (0.6%) occurred when short 
straw rice was hand beaten followed by bullock treading (Greeley, 1980). When the same treatment 
was applied to long straw rice, losses were 1.5%, and when bullock treading of broadcast rice stems 
was done losses of 2.5% occurred. Use of a pedal thresher with short or long straw rice resulted in 1.8% 
and 3.5% losses, respectively. Placing harvested rice stems in a sack and beating them led to lower 
losses than threshing it over a wooden bambam box or metal drum (0.9-4.0% versus 5.3-7.0%, Appiah 
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et al., 2011 or 6.8% versus 9.0-10.7%, Sanneh, 2015) in Ghana. However, it is much quicker for farmers 
to thresh rice using the bambam box or drum method than placing it in a sack and beating it. 

Contrasting loss reduction results exist for mechanised versus manual threshing studies. In DRC, 
losses were lower with manual (11.3%) as opposed to mechanised rice threshing (22.2%) (FAO, 2019b). 
While in Sri Lanka (Prasanna et al., 2004) a study found the amount of rice lost per hectare (ha) if a 
combined thresher or a small thresher were used was perceived to be lower than with the commonly 
used tractor treading or buffalo treading methods. Additionally, the rice produced from either of these 
mechanised threshers also received higher sales prices due to its higher quality, e.g., free of stones. The 
study’s authors calculated that adoption of a small thresher or a combined thresher, would increase 
farmers profit margins by USD 75/ha or USD 107/ha, respectively. 

A recent study in Nigeria (Castelein et al., 2022) calculated higher losses (~7%) if rice was threshed 
using stick beating as opposed to a mechanised thresher (~1% loss). Although mechanised threshing 
is more expensive than manual threshing (the rental cost of the thresher equals the total labour costs of 
manual threshing), the researchers’ reported that the improved threshing efficiency and reduced losses 
increases the total yield sufficiently to make this intervention worthwhile. Switching to mechanised 
threshing was found to increase farmers’ profit by USD 75/ha. The mechanical thresher cost USD 875, 
and has an expected life span of 5 years, (possibly 8 with good maintenance). Castelein et al. (2022) 
calculate that if the cost of buying the equipment can be spread over three harvests or more, then 
buying becomes the more cost-effective option. The mechanical thresher in their study can harvest 1 
ha per day, and 30 ha per season so 15 farmers with 2 ha of rice each could share the equipment.  

Suggested challenges include the capacity of farmer cooperatives to procure, maintain and store the 
mechanised thresher and the ability of individual farmers to co-invest and cover the upfront cost of 
buying equipment. Castelein et al. (2022) report that the labour-saving aspect of mechanised threshing 
freed up women’s time during the busy harvest period. However, in general questions around the 
relationship between mechanisation and socioeconomic development (including rural (un)employment 
and gender disparities) and environmental impacts in SSA exist (see Daum & Birner, 2020; World Bank 
et al., 2011). Issues around the lack of service providers, lack of training of operators, poor quality of the 
machinery, suitability of imported machinery are also important (Castelein et al., 2022; Appiah et al., 
2011; FAO, 2018) 

 

Sorghum 
Relatively low losses were recorded for both manual and tractor threshing (0.7% vs 0.6%) of sorghum during a 
load tracking loss assessment (FAO, 2019a) 
 

Storage 

Rice 
The SSR’s evidence-base on rice storage interventions is composed of studies from Sri Lanka, 
Mozambique, India, Ghana, Burkina Faso and Niger. The evidence shows storage of untreated paddy 
rice in hermetic bags or cocoons, plastic drums and metal bins were effective in keeping grain 
weight loss below 2% and / or grain damage below 6% during 6 months storage (see SSR Fig. 7a&b) 
(e.g., Donahaye et al., 1991; Guenha et al., 2014; Covele et al., 2020). Fumigation of rice followed by 
storage in bags or metal silos, and fumigation plus use of a pesticide incorporated bag also kept weight 
loss low, however fumigation should only be done by a trained certified pest control operator and is not 
recommended for smallholder farmer use (see footnote on fumigation in maize storage section). One 
study from across Ghana, Burkina Faso and Niger (Baoua et al., 2016) found that even when paddy rice 
was stored untreated in woven polypropylene (PP) bags or an improved granary it suffered less than 6% 
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insect grain damage during a 6-month storage period. Although other studies found untreated paddy 
rice stored in jute or another unspecified type of sack, or in storerooms or traditional granaries, or even 
when treated with synthetic chemicals experienced higher grain damage levels of above 13% during a 
6-month storage period. Damage levels will vary by situation due to numerous factors such as different 
insect species, mixtures and population density, varieties, the form the crop is stored in (husked, 
dehusked, shelled, unshelled etc.), environmental conditions, management practices including 
hygiene etc. Within the SSR cereal storage evidence-base, most studies had focused on managing 
insect damage with very few studies focusing on or attempting to assess rodent damage. One recent Sri 
Lankan study that did, found wrapping the typically-used polyethylene bags of rice in two layers of fish 
netting helped reduce rodent attack during storage (Htwe et al., 2021). They hypothesise it would be 
cost-effective unless rodent populations were much higher than during their study. Other common 
rodent protection methods include storing grain in sealed metal or plastic drums. 

 

Sorghum 
The SSR’s evidence-base of sorghum storage interventions studies were from Eritrea, Ethiopia, Sudan, 
Kenya, Tanzania, Zimbabwe, Burkina Faso and Mali. Storage of untreated sorghum grain in hermetic 
bags, metal silos or improved underground pits, or when admixed with wood ash and then stored 
in a traditional granary kept grain weight loss below 2% during six months of storage (Ratnadass et al., 
1992; Shazali et al., 1998; Waongo et al., 2019; Mubayiwa et al., 2021). When sorghum grain was 
fumigated, treated with synthetic chemicals, and then stored in bags; or admixed with wood ash, 
synthetic chemicals or DE and stored in bags or a traditional granary; or stored untreated in 
hermetic bags or an improved granary less than 10% damage occurred (see SSR Fig 7b) (Ratnadass et 
al., 1992; Shazali et al., 1998; Haile, 2006; Stathers et al., 2008; Waongo et al., 2019; Mubayiwa et al., 
2021). Untreated sorghum grain stored in bags or storerooms, or in traditional granaries with or without 
botanical preparations, or admixed with synthetic chemicals, or in a PP bag with pesticide incorporated 
into its fabric sustained between 14.1% and 45.4% damage during 6 months storage (see SSR Fig 7b). 
The sorghum weight loss recorded without storage protection methods, was 3.5–7.7%. (see SSR Fig. 
7a). The climate resilience of small grains (such as millets and sorghum) vs. maize or other staple food 
crops during production and postharvest stages needs to be given greater attention. 

Reduced incidence of aflatoxin contamination >20 ppb was found in grain samples from those farmers 
who had received training on aflatoxin and PH management in Malawi (Anitha et al., 2019). 

 

Wheat 
The SSR’s evidence-base of wheat storage interventions studies come from India, Pakistan, Nepal, 
Bangladesh, Afghanistan and Ethiopia. Storage of untreated wheat grain in hermetic bags, or 
admixture of botanicals or synthetic chemicals or filter cake and some industrial by-products8F

9 
with wheat grain followed by storage in bags, the use of improved granaries or sealing the untreated 
grain in metal silos or drums or concrete bins, and fumigation and use of synthetic chemical dust or 
spray treatments kept weight loss below 2% and/or grain damage below 5% during six months storage 
(e.g. Kalsa et al., 2019; 2020; Melese et al., 2022;). Fumigants, such as metal phosphides, should not be 
used within 100m of human habitation and should only be applied by trained certified operators, they 
should not be recommended for grain stored at household level by smallholder farmers. Researchers 
often use fumigants to enable them to set up trials with grain batches containing no live insects, 
however this differs from farmers’ usual situations.  

 
9 e.g., by-products from soap factory (Triplex powder), aluminium sulphate factory, industrial filter cake. 
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Legumes 
From the updated SSR’s evidence-set, 81% of the interventions that had been studied for reducing 
PHLs of the focal legume crops (bean, cowpea, chickpea, pigeon pea and groundnut), were focused on 
reducing losses during their storage, and particularly of cowpea which accounted for 47.8% of legume 
PH interventions studied. Therefore, the evidence-base is currently very limited for legume PHL 
reduction during the non-storage activity stages, e.g., harvesting, drying, sorting and no-evidence was 
found on legume PHL reduction interventions during transport or threshing/ shelling. A few interesting 
studies focused on combinations of intervention types. A summary of promising interventions for 
reducing legume PHLs follows. 
 

Harvesting and drying 
Groundnut  
Use of an A-shaped drying frame, a raised drying rack or the Mandela cock (a circular stack) drying 
methods resulted in lower incidence of % mouldy kernels (<10.1% vs. 27.8%) and aflatoxin B1 (<1.1 vs. 
4.8 ppb) in Malawi (Dambolachepa et al., 2019) than when the freshly harvested groundnut plants were 
sun-dried directly on the ground. Plants harvested at 90 days after sowing as opposed to 80 or 100 days 
also had lower aflatoxin levels. Harvesting groundnuts in the rain and slow drying, as opposed to rapid 
drying, increased fungal incidence on pods from 19.4–24.5% to 32.5–38.9% (Palanisami et al., 1990; 
India). 

In Pakistan’s Punjab Province, a tractor-mounted groundnut pod collector was trialled at different 
speeds and in soils of different moisture contents to address the need for time-consuming and costly 
manual picking up of groundnut pods left behind in the soil during harvesting ─ a period when labour 
availability can be low (Nasir et al., 2022). A speed of 1.5-2 km/hour left the lowest percentage (6.7%) of 
pods behind in the soil. This mechanisation reportedly reduced the time and cost taken to collect left-
behind pods by manual pod collection by 60.9% and 31.6%, respectively. 
 

Sorting  
Groundnut 
Careful sorting, off-ground drying and storage of groundnuts in Guinea led to a reduction in aflatoxin 
B1 content (from 55 ppb to 17 ppb), although still beyond the safe limits of most standards (Turner et 
al., 2005). Training women in manually sorting and removing mouldy groundnuts in Gambia, 
resulted in the removal of 1.9% of the weight of groundnuts and led to an average aflatoxin B1 
concentration of 0.28 ppb in the remaining groundnuts, versus the baseline samples of groundnuts 
which had an average aflatoxin B1 content of 112.5 ppb and a median level of 0.49 ppb (Xu et al., 2017). 

Although farmers’ understanding of aflatoxin risks increased following training in Malawi, they were 
found to still consume and sell the grains they had graded out as the grade outs accounted for 10 to 
20% of their expected profit (Anitha et al., 2019). Practice of the better drying methods they learnt about 
also did not occur, due to space limitations at their homesteads and fear of theft if drying was done in 
the field. 
 

Storage  
Most of the evidence-base from research on legume storage loss reduction interventions is from grain 
protection methods that do not involve the use of synthetic chemical protectants. This included 
interventions, such as cowpea storage in hermetic bags or following admixture with botanicals (plant 
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materials), diatomaceous earths (DE’s) or ashes (see SSR Fig. 8a&b). Hermetic bags have been shown 
to be effective in keeping median weight loss <2% and/or grain damage <20% in cowpeas, groundnuts 
and beans and chickpea and were more effective than traditionally-used practices or untreated 
controls within the same studies (see SSR Fig. 9a&b and for example Bakoye et al., 2020; Ngwenyama 
et al., 2020; Baoua et al., 2018; Mutungi et al., 2020; Berhe et al., 2023; Baributsa et al., 2017). This 
remained the case when re-used hermetic bags were studied for cowpeas. Briefly opening and then 
reclosing hermetic bags to withdraw grain each week during the storage period also did not affect their 
efficacy (Baoua et al., 2012; 2013) (see SSR Fig. 8b). Other interventions that kept the grain damage 
levels at least 20 percentage points lower than in untreated control grain during 4.5 months of storage 
included admixture with synthetic chemicals9F

10 (e.g., Actellic Super dust at 0.05% w/w [pirimiphos-
methyl 1.6% and permethrin 0.3%] (Stathers et al., 2002), Actellic Gold dust at 0.05% w/w [pirimiphos-
methyl 1.6% and thiamethoxam 0.036%] (Ngwenyama et al., 2020), diatomaceous earths (DE’s) (e.g., 
Protect-it at 0.05-0.2% w/w, Dryacide at 0.1-0.2% w/w (Stathers et al., 2002; 2008), or botanicals (e.g., 
Azadirachta indica seed powder, Chenopodium ambrosioides, Lipia javanica, Combretum imberbe 
(Paul et al., 2009; Chikukura et al., 2011)) with cowpeas or beans before storing them in sacks (see Fig. 
9b). Untreated cowpea grains stored in clay pots, or in sealed plastic drums as opposed to sacks 
suffered lower storage insect losses, but the evidence suggests hermetic bags or other admixed 
protectants are more effective. Some studies used toxic fumigant gases (e.g., aluminium phosphide), 
often in addition to other protectants which adds cost, fumigation can be effective if properly done but 
is illegal for non-certified operators to use and should never occur within 100m of human habitation. 
When cowpeas or beans were stored in jute or woven polypropylene (PP) bags with no protectant for a 
standardised 4.5-month storage duration, grain damage ranged from 25.2% to 100%, and weight loss 
ranged from 4.5% to 32.3% (see Fig. 8a&b). 

Limited data on mycotoxin levels in different legume storage interventions was found. Chickpea stored 
for 6 months in hermetic bags (PICS and SGB brands) in Ethiopia had 8.1-8.3 ppb aflatoxin and 0.3 ppm 
fumonisin. While that stored untreated in metal silos had 12 ppb and 0.4 ppm, and in either jute or PP 
bags 13-14 ppb and 0.6-0.7 ppm, respectively (Alemayehu et al., 2020). Germination of chickpea 
remained high (86-89%) in the hermetic bags, was 82% in the metal silo, and 44-46% in the jute and PP 
bags. Hermetic bag storage of cowpea or groundnut also kept germination higher than when the grain 
was stored untreated in PP bags (Bakoye et al., 2020; Baributsa et al., 2017).  

Simple handling practice changes, such as weekly sieving (for at least 5 minutes for a 5 week period) 
or weekly sunning on a mat (for at least 6 hours) of dried beans during storage in Uganda, kept 
storage insect damaged grains at 3.6 to 4.1%, compared with 37.7% which occurred in stored untreated 
control grain (Nahdy & Agona, 1992). One early study in Nigeria illustrated the protective effect of 
storing dried cowpeas unshelled (Caswell, 1975). A similar effect was seen in Niger when untreated 
shelled groundnut in PP bags suffered 19.0% weight loss during 4.5 months storage versus 5.5% in 
unshelled groundnut (Baributsa et al., 2017). When stored in hermetic bags, weight loss was 0.14% for 
the shelled and 0% for the unshelled.  

Many factors affect the choice and use of PHL reduction interventions. In Burkina Faso, women 
explained that their heavy workloads impact on the timely completion of PH activities and use of good 
practices, and despite their responsibility for many agricultural activities they had limited control over 
the management of food stocks and use of income from sales (FAO, 2019a). Beyond the SSR data set a 
few studies exist on gendered uptake of hermetic bags for legume storage. For example, a survey in 
2010 of almost 3,000 randomly selected rural women in Niger, Burkina Faso and Nigeria found 46% of 
them had used hermetic PICS bags for cowpea storage and that women stored 50% of their cowpea in 

 
10Synthetic chemical grain protectant products are required to be registered and approved for use in the target country, 
recommended application rates and methods for each specific product should be followed. Different brands/ products/ 
plant materials will perform differently and context-specific application rates may need determining.  
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PICS bags and that their net cash flow was USD 10.81/100kg bag or USD 39.27 per respondent, and 
living in a village where PICS bag demonstrations had occurred was the main factor influencing their 
use (Ibro et al., 2014). A cowpea storage competition for women in a Sourou province in Burkina Faso, 
involving training and demonstrations through women’s groups, and prizes based on the duration of 
storage, quantity stored and quality of the stored cowpea resulted in more cowpea being stored in PICS 
bags both for sale and home consumption, but found poor distribution networks limited access to PICS 
bags (Baributsa et al., 2013). 

Very limited analysis of the cost benefits of legume loss reduction was found in the SSR data set. One 
study which calculated the net present value (NPV) for different cowpea storage interventions in Ghana, 
found hermetic PICS bag use was the most viable with a USD 901 NPV, while plastic drum use had a 
USD 787 NPV and jute bag use a USD 771 NPV (Sugri et al., 2021). Another study calculated the value of 
the saved chickpea grain in different storage treatments (Dubey et al., 2022). Hermetic bags ranged in 
cost from USD 1.20 to USD 2.50. A local hermetic bag version using a fertiliser bag with a low-density 
polyethylene (LDPE) liner as opposed to a high-density one was costed at USD 0.40 but it is not safe to 
keep grain in contact with residues of chemical fertilisers. Different types of sacks with and without a 
synthetic chemical to treat 100 kgs of grain ranged from USD 0.15 to USD 2.00, but prices will vary by 
location and product. In studies outside the SSR dataset, the willingness-to-pay (WTP) for hermetic 
bags has been explored (e.g., Channa et al., 2019; Schwab & Yu, 2022; Shukla et al., 2022), findings 
showed an increase in the WTP for the technology if credit is made available, or after gaining experience 
of using the hermetic bag for a year. In Tanzania, an organisation offering farmers access to credit views 
hermetic bag storage of collateralised grain as lowering their risk, as if the grain needed to be 
repossessed it would still be good quality (Channa et al., 2022). They have switched to offering farmers 
credit collateralised with 200kg of common beans stored in hermetic bags, as they view intervention in 
bean market prices as less likely.   

Hermetic bags provide many benefits for legume storage given their efficacy and their removal of the 
need to admix pesticides with food grains. Concerns regards them include the nascent stage of the 
supply and distribution chain in many of the focal countries making it difficult currently to access 
hermetic bags in many areas, their cost and the risk of them being punctured by insects, chickens, 
rodents or poor handling. It should also be noted that as with all products, the efficacy may differ 
between the different brands of hermetic bags. 

No environmental outcomes had been measured, a few authors commented on the use of hermetic 
bags leading to reduction in use of synthetic chemical pesticides, others discussed the need for 
prolonging the lifespan of and recycling of the plastic hermetic bags. Hermetic bags are not yet always 
easily locally available to farmers in many of the focal countries and the higher price of the hermetic 
bags versus PP bags can also be a constraint. 

 

Combinations of interventions and training interventions 
Recent work in Tanzania (Mutungi et al., 2022a) showed that in comparison to farmers’ ordinary 
practices the use of a combination of improved PH handling practices (e.g., harvest timing, off-
ground drying, threshing, winnowing, air-tight storage) reduced weight loss in beans from 14.5% to 
4.5% and damage from 29.7% to 6.5%. A study in Malawi found training on aflatoxin and PH 
management resulted in a reduced percentage of groundnut samples with >20 ppb aflatoxin in the 
stocks of those farmers who had received training (Anitha et al., 2019). Training women in sorting and 
removing mouldy groundnuts in Gambia, led to an average aflatoxin B1 concentration of 0.28 ppb in 
the remaining groundnuts, compared to the baseline samples which had an average of 112.5 ppb and a 
median level of 0.49 ppb (Xu et al., 2017).  



Promising interventions for reducing crop postharvest losses - 17 

Roots and tubers 
The PHL reduction interventions studied for the root and tuber crops have mainly been different storage 
structures or containers, storage protectants, and packaging. Potato has received more research 
attention than yam, sweetpotato and cassava. Overall, roots and tubers have received much less PHL 
reduction focused consideration than cereals. The main loss metrics studied for root and tuber crop 
interventions were % loss, decay, damage and sprouting. Further details are available in the SSR 3.5.3. 

Harvesting 
Sweetpotato 
Harvesting sweetpotato later (6-9 months after planting) reduced loss in quantity compared to earlier 
harvests (4-5 months after planting), but no data on decay levels was presented (Smit, 1997).  

Cassava 
Harvesting from moist less compacted soil reduced root damage by up to 23.0% compared to 
harvesting cassava from dry compacted soil (Ayemou-Allou et al., 2008). 
 
Transport 
Potato 
Only one study on infrastructure was found and it showed a reduction in quantity loss of potato from 
17.9% when transported on poor roads to 15.3% on improved roads in Ethiopia (Kuyu et al., 2019). 
 
Storage 
Potato 
Storage structures that were cooler than ambient conditions resulted in lower quantity loss, decay, 
and sprouting (see SSR Table 10) (e.g., Verma et al., 1974; Mehta et al., 1991; Kumar et al., 1995; 1999; 
Khan et al., 1995; Cheong et al., 1999; Das et al., 2000; Patel et al., 2001; Jaiswal et al., 2002; Khan et 
al., 2006; Venugopal et al., 2017). Cold-rooms were the most effective storage structures, followed by 
evaporatively cooled structures and pits or trenches. Storing harvested potato in heaps in the 
shade as opposed to in the sun reduced average quantitative losses by up to 14 % and decay by up to 
4.9% (Paul & Ezekiel, 2003). 

Storage protectants included pesticides, growth regulators (particularly anti-sprouting compounds), 
botanicals/essential oils, heat treatments and radiation. Using growth regulators reduced sprouting in 
potatoes compared to no protectant (Mehta et al., 2011; Mehta & Singh, 2015) (see SSR Table 9).  

Access to information on ware potato, potato harvest and PH handling, and potato storage was lower in 
female than male-headed households in Uganda, as was storage of potato (Wauters et al., 2022).  

Yam 
Storing yams in structures with forced air ventilation or in pits as opposed to in traditional structures 
at ambient conditions keeps quantity loss, decay and sprouting lower (e.g., Mozie, 1982;1996; Ezeike, 
1985; Nwankiti et al., 1988; Osunde & Orhevba, 2009). Selecting only undamaged yams for long term 
storage durations of 6 months resulted in less quantity loss and no decay. While yams with slight or 
severe wounds had higher quantity losses and 80.0% and 100.0% decay, respectively (Mozie, 1982). 

Cassava  
Soaking cassava chunks/chips in water before sun-drying or smoke-drying them resulted in 23.9% 
weight loss during a six-month storage period versus 96.4% weight loss for unsoaked chunks/chips 
(Tata-Hangy et al., 1997).   
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Fruits 

Harvesting and handling 
In India, the improved mango harvesting tool (IIHR10F

11 harvester – a pole with a net and cutting blade) 
led to more mango fruit being harvested per hour, 354/h versus 290/h and 250/h for the local harvesting 
tool or manual plucking, respectively – and it also caused less damage to the fruit (Aparna et al., 2020). 
The IIHR harvester saved ~USD 28/ha/day vs. manual plucking as less labour was required per ha, and it 
reduced the drudgery index score11F

12 (43%), compared to the local harvester (65%) or manual plucking 
(72 %). Earlier studies found use of improved mango harvesting tools ranging in cost from ~USD 2-5.5 
led to savings of 27-45%, while use of a local harvesting stick with a cutter led to 18% savings in India 
(Srinivasappa et al., 2015, Savita et al., 2010). 

Handling practice changes affected both quantity and quality losses in mango. Traditional handling 
practices were associated with a quantity loss of 27.9% and 68.3% decay, while improved handling 
conditions (i.e., more selective picking, leaving a stalk or pedicel, removing latex before packing), 
had an average quantity loss of 9.8%, 22.5% decay, and extended the shelf life by 1.5 days (Herath et 
al., 2021; Rahman et al., 2019; Rahman et al., 2018; Mazhar et al., 2011). While manual plucking of 
mango fruits or tree shaking harvesting methods resulted in 28.5% decay, the use of improved mango 
harvesting tools resulted in between 0 and 18.5% decay. 

 

Precooling 
Precooling, (i.e., rapidly removing the field heat from fruit before placing in storage) was evaluated on 
mango and banana. In mango, it reduced quantity loss by about 10% when compared to no precooling 
(Kapse & Katrodia, 1997; Puttaraju & Reddy, 1997; Singh et al., 2003; Doshi et al., 2010). Hydrocooling of 
mango (i.e., precooling with cold water) reduced decay by 42.9% (Kapse & Katrodia, 1997; Puttaraju & 
Reddy, 1997). 

 

Packaging 
Cardboard/fibreboard cartons (CFB) are superior to wooden boxes for packaging the focal fruits, 
especially in terms of decay incidence. The use of liners (whether plastic, paper, or natural products) in 
the boxes, cartons or baskets reduces quantity loss. Citrus packed in cartons had an average quantity 
loss of 12.6%, when a liner was added average quantity loss reduced to 8.1%, but decay increased by 
1.2% (e.g., Singh et al., 1988; Ladaniya & Mahalle, 2004). Plastic liners can increase condensation 
which favours decay. Use of cardboard cartons (CFB), plastic crates or wooden boxes increased profit 
for mango, but not sufficiently for banana to justify the use of CFB in Bangladesh so plastic crates were 
recommended for banana (Roy, 2005). 

 

Transport 
No data on the scale of losses during mango transport was found. But one study discussed the need to 
airfreight some varieties of export mango due to their shorter shelf-life, while others can be shipped 
(Abu et al., 2020). 

 
11 Indian Institute of Horticultural Research (IIHR) 
12 Drudgery index score of ≥70 = maximum drudgery, between 50-70 = moderate drudgery, ≤50 = minimum drudgery 
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Storage 
Cool storage structures providing conditions colder than ambient storage resulted in less quantity loss 
and decay, more marketable fruit, and longer shelf life. When the effect of structures, that resulted in 
ambient conditions, evaporative cooled structures, or cold-rooms (including CoolBots which are 
insulated rooms cooled with a modification to an air conditioner) were compared across all four focal 
fruit crops (see SSR Table 13), average quantity loss decreased from 21.4% under ambient conditions to 
8.4% and 6.5% for evaporatively cooled structures and cold-rooms, respectively. Fruit decay was 
reduced by 17.5% in bananas, and 6% in mango when stored in cold-rooms versus ambient structures. 
Shelf life increased by 9.9 days in banana and 12.0 days in mango when stored in cold-rooms versus 
ambient structures (e.g., (banana) Deka et al., 2006; Doshi et al., 2010; Gomez et al., 2023, (mango) 
Pujari et al., 2016; Abu et al., 2020). It increased by 24.4 days in citrus and 7.4 days in papaya when 
stored in evaporatively cooled structures versus ambient structures. The percent of papaya fruit that 
were considered ‘not marketable’ decreased by 45.5% in evaporatively cooled versus ambient 
structures (Azene et al., 2014). Evaporatively cooled structures reduced fruit decay in citrus by 5.9% 
(Bharwaj & Sen, 2003; Goswami et al., 2008; Ishaque et al., 2021), and in mango (Eyese et al., 2022). 
Use of shade netting reduced quantity loss in mango (Msogoya et al., 2011), and use of cellar stores 
reduced quantity loss and decay in citrus (Subedi et al., 1995). 

Economic analysis of the storage of citrus fruits at ambient versus lower temperatures in an 
evaporatively cooled zero energy cool chamber (ZECC) in Bangladesh for 35 days, gave an economic 
return of USD 693 and was perceived to be more environmentally friendly (Ishaque et al., 2022). 
Compared to a conventional refrigeration system, the lower upfront and running costs of a ZECC, make 
it more economical. In Nigeria, the cost of constructing a ZECC with storing capacity for 250 kg of 
tomato was USD 1,200 (Odeyemi et al., 2022). From the available data in the SSR, the cost of 
evaporative cooling structures ranged from USD 600 to USD2,000. Prices will be dependent on the 
capacity, materials and location. The update SSR found more testing of cold-rooms as opposed to 
evaporatively cooled structures. However, more substantial studies including cost-benefit and socio-
economic analyses of building cold storage versus renting cold storage would be beneficial to address 
the gaps in knowledge and evaluate investment and operational costs.  

Waxes or coating agents are designed to decrease water loss (quantity loss), reduce decay and 
increase the proportion of marketable stored fruit. When banana, mango and citrus fruits treated with 
wax or coatings - with or without other storage protectants (e.g., fungicides, botanical products or 
growth regulators) - were compared to untreated control fruits, quantity loss and decay were 
consistently lower, and shelf life was longer (e.g., (banana) Elbagoury et al., 2022; Ali et al., 2022, 
(mango) Shah & Hashmi, 2020; Shah et al., 2021; Prasad et al., 2022; Fatima et al., 2022; Ali et al., 
2022a; Ali et al., 2022b; Silue et al., 2022, (citrus) Rashid et al., 2018; Nasrin et al., 2018; Gupta et al., 
2021). The vitamin C content of citrus and mango was higher following storage in fruit that had been 
treated with waxes or coatings agents (e.g., Rashid et al., 2020; Nasrin et al., 2018; Prasad et al., 2022). 
However, these studies were conducted on-station. No large-scale pilot studies of the use of waxes 
or coating agents under real-world conditions were reported in the evidence-base. These products 
are also being tested by large scale private companies, particularly on citrus and tomato, but limited 
information on that is shared. Waxes may be more difficult to adapt by small-scale producers. Most 
produce is washed to improve appearance and remove dirt and latex before being waxed or coated. 
However, experience in commercial conditions has demonstrated that this washing can increase the 
risk of spreading decay organisms, e.g., fungal spores, and human pathogens, e.g., E. coli bacteria 
(Zagory, 2013). Wash water sanitisers can prevent cross-contamination, but cannot completely clean 
produce (defined at a log five reduction in microbial load) (Zagory, 2013; Gombas et al., 2017). A 
positive BCR was calculated for treatment of citrus fruits with a wax coating in India, leading to a profit 
of INR 448 for 1000 fruits versus INR 300 for untreated fruit (Zade et al., 2005).  
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Vegetables 
More study of PHL reduction interventions has occurred for tomato and onion than for leafy vegetables 
or cabbage. These were mainly storage structures, storage protectants and packaging. 

 

Harvesting and handling practice changes  
Tomato 
Harvesting less mature tomatoes reduced quantity loss by 20 %. Tomatoes harvested at turning stage 
were firmer and less damaged during handling, transportation and marketing and their price increased 
from USD0.25/kg to USD0.5/kg in Rwanda (Odeyemi et al., 2022). This led to a relative profit of USD 170 
for each 1000 kg load.  

 

Onion 
Harvesting later, curing, and improved handling practices on average reduced quantity loss in 
onions by 20%, 18%, and 12.4%, respectively (Warade et al., 1997; Sharma et al., 2007; Kiura et al., 
2021).  

 

Cabbage 
Harvesting later reduced quantity loss in cabbage by 3.6 % (Champa et al., 2007).  

 

Packaging and transport 
Tomato 
Returnable plastic crates reduced tomato losses from 30% to 10% in Rwanda with an increased 
relative profit of USD 9, and from 40% to 5% in Nigeria with a relative profit of USD 76 (Odeyemi et al., 
2022). Ten re-uses of the crates will pay for them in Rwanda and five re-uses in Nigeria. However, 
straightforward logistics for return of the crates to the farmers is needed to avoid problems. Long-
distance transporters in Nigeria, questioned the occupation of truck space with empty returnable 
plastic crates on return trips, that could otherwise be used for transporting merchandise (Sibomana et 
al., 2022). Overall, the SSR found use of plastic crates reduced average quantity loss to 12.6 %, 
compared to 28.3% when packaged in baskets (Dari et al., 2018; Plaisier et al., 2019; Odeyemi et al., 
2022). Quantity loss totalled 48.2 % in wooden boxes.  

Improved roads resulted in slightly lower quantity loss (4.3%) of tomatoes than poorer roads. Quantity 
loss was higher where a greater length of the road was bumpy (Tadesse et al., 2022). 
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Storage 
Evaporative cooling, or mechanically cooled cold-rooms (including CoolBots), led to reductions in 
quantity loss, decay and sprouting across the four focal vegetable crops compared to when the crops 
were stored at ambient conditions (see SSR Table 15).  

 

Tomato 
Storage of tomatoes in cold-rooms resulted on average in much lower average quantity loss (5.9%) and 
% decay (23.3%) rates compared to those in ambient structures (18.7% and 46.3%, respectively) (Saran 
et al., 2013; Nkolisa et al., 2018; Sibanda et al., 2019; Majubwa et al., 2021; Orovwode et al., 2022). 

Evaporatively cooled structures (including pots) also resulted in reduced average % quantity loss and 
decay rates (7.7% and 29.6%, respectively) (Garg et al., 1997; Mishra et al., 2009; Getinet et al., 2011; 
Goswami et al., 2008; Woldemariam et al., 2014; Nkolisa et al., 2018; Odeyemi et al., 2022). Compared 
to a conventional refrigeration system, the lower upfront and running costs of an evaporatively cooled 
zero energy cool chamber (ZECC) make it more economical.  

In Nigeria, the cost of constructing a ZECC with storing capacity for 250 kg of tomato was USD 1,200 
(Odeyemi et al., 2022). When compared with the current practice of immediate sales of harvested 
produce with a 30% loss, use of the ZECC reduced loss to 5%. This loss reduction provided a relative 
profit of USD 55 per 1,000 kg of tomato in comparison to the traditional practice of handling and 
temporary storage of the fruit at ambient temperature. Odeyemi et al. (2022) calculated that 22 uses 
would pay for the ZECC and plastic crates with subsequent earnings of USD 209/ 1000kg vs. USD 154 
for current practice. 

 

Onion 
Storage of onions in cold-rooms versus ambient structures reduced quantity loss by 30 percentage 
points (Singh & Singh, 1973; Babarinsa et al., 2002; Dabhi et al., 2008; Nabi et al., 2013; Bhasker et al., 
2020). 

Use of fungicides resulted in reduced quantity and quality losses in onion (Randhawa et al., 1985; 
Mesta & Kukanur, 2013). Irradiation reduced quantity loss but increased decay from 40 % (a single 
specific control) to 55 % (Matin et al., 1992; Tripathi et al., 2011; Sharma et al., 2020). 

 

Cabbage 
Storage of cabbage in cold-rooms versus ambient structures reduced quantity loss by 25 percentage 
points (Saran et al., 2013). 

 

Leafy vegetables 
Storage of leafy vegetables in cold-rooms versus ambient structures reduced quantity loss by 35.5 
percentage points and storage in evaporatively cooled rooms reduced quantity loss by 40.9 percentage 
points (Dari et al., 2015; Mahangade et al., 2020).  
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APPENDICES 
Appendix 1 Summary of the PHL reduction interventions evidence-base for sub-Saharan Africa and South Asia identified in the SSR 
Crop group 
(focal crops) 

Technically effective interventions Critical gaps in the evidence-base 

Technologies/ tools/ equipment Handling practices 
Cereals  
(maize, rice, sorghum, 
wheat) 

Maize storage: in hermetic containers, or admixed with 
some synthetic chemical insecticides or diatomaceous 
earths (and combinations of these) 
Wheat, rice, sorghum storage: in hermetic containers, 
underground pits, or admixed with some synthetic 
chemical insecticides, botanicals or diatomaceous 
earths 
Wheat, rice harvesting: mechanised harvesters 

Timely harvesting, protecting crop 
from direct ground contact while 
drying combined with postharvest 
and aflatoxin management training 

• Interventions for loss reduction in the 
non-storage activity stages 

• Evaluation of policy, training 
infrastructure, finance interventions on 
loss reduction 

• Effect of sanitation, grain-cleaning, and 
timing of activities on subsequent losses  

• Socio-economic, and environmental 
outcomes and trade-offs of uptake of 
different postharvest loss reduction 
interventions at any scale 

• Factors facilitating and constraining the 
adoption and use of postharvest loss 
reduction interventions at different scales 

• Stakeholder participation in the design 
and study of interventions to facilitate co-
innovation and co-learning, and the need 
for more real-world scale on-farm 
participatory studies 

• Standardised loss measurement metrics 
• Consistency of intervention results 

confirmed through multi-season and 
multi-location studies 

Legumes (bean, 
cowpea, chickpea, 
pigeon pea, 
groundnut) 

Storage in hermetic containers, or admixed with 
synthetic chemicals, botanicals, diatomaceous earths 
or edible oil  

Protecting crop from direct ground 
contact while drying; sorting to 
remove mouldy grains 

Root and tubers  
(cassava, potato, 
sweetpotato, yam) 

Use of improved storage containers, ventilated storage, 
evaporative cool storage, cold storage, sprout 
suppressants and some pesticides 

Piecemeal harvesting, curing, 
sorting to remove damaged roots or 
tubers, avoidance of rough 
handling, use of maturity indices 

Fruits  
(banana, plantain, 
mango, papaya, 
citrus) 

Cold storage, evaporatively cooled storage 
Harvesting poles/pickers (mango) 
Use of improved packaging,  
Waxing (alone or with fungicides or botanicals), hot-
water treatments, ripening treatments, some fungicides 

Use of maturity indices, gentle 
harvesting and handling, sorting to 
remove damaged fruits  

Vegetables 
(cabbage, onion, 
tomato, leafy 
vegetable) 

Use of improved packaging  
Cold storage, evaporative cool storage 
Ventilated storage (onions)  

Gentle handling 
Curing (onions) 

The interventions for which sufficient evidence existed of their efficacy in reducing PHLs are listed for each crop group. These interventions were either of the 
technologies/tools/equipment type or of the handling practices type, and they predominantly focused on reducing losses during crop storage. Critical gaps 
identified in the evidence-base for all crop groups are listed in the final column. 
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Appendix 2 Policy and practice investment recommendations from the SSR 
• Studies should be conducted to increase the available data on PHL reduction interventions, 

particularly for legumes, fruits, vegetables, small grains and root and tuber crops. Notably 
effective PHL reduction interventions, along with critical gaps in the evidence-base, are 
presented in Appendix 1. 

• Future studies should include the non-storage activities in the value chain and the key actors 
(such as farmers, traders, transporters and wholesalers), because to date the focus has been 
predominantly on tangible technical interventions to reduce losses during farmer-level storage. 

• The limited evidence on PHL reduction interventions can be extrapolated to similar crops within 
each crop group, with participatory field-level studies to confirm and expand the evidence. 

• The effects of training, finance, policy and infrastructure interventions on PHL reduction need to 
be studied to guide investments. 

• More evidence is needed regarding verified socio-economic and environmental outcomes of 
PHL reduction interventions, because to date the focus has been on their technical efficacy and 
actual use will be determined by their acceptability, affordability, availability and efficacy. 

• More evidence is needed on the efficacy of PHL reduction interventions, particularly when 
technologies are combined with interventions such as training, changes in handling practices, 
access to finance and policies. 

• More follow-up is needed with participants of PHL reduction investments, because 
understanding and assessment of longer-term benefits and challenges, sustainability and cost-
effectiveness of interventions is needed to guide investments. 

• Future studies would benefit from collecting a wider array of data using uniform and more 
systematic methods to capture the quantitative, qualitative and socio-economic aspects of 
PHLs. 

• For improved postharvest management and loss reduction, there is a need for: 

1. Greater efforts to raise the awareness of stakeholders of the ability to reduce losses 
and the benefits of doing so 

2. Recognition that all technologies have strengths and weaknesses and that due to the 
heterogeneity between households, agro-ecologies and crops, one-size-fits-all 
solutions are unlikely to be successful 

3. Technical solutions to be simultaneously promoted alongside good postharvest 
training and management to build understanding of why losses are occurring, how the 
technologies can best be used and the local costs and expected benefits of 
interventions 

4. More study of how national policies, financial access and infrastructure investments 
affect PHL reduction 

5. Implementation of policies that support quality-sensitive markets to provide 
incentives for PHL reduction 

6. Multi-stakeholder postharvest platforms or institutions to promote co-learning and 
co-innovation, support access to information, and support multi-location and multi-
season studies with active participation of stakeholders along the commodity value 
chains 

• Targeting of the aforementioned recommendations may be needed depending on limitations of 
financial resources and information, and whether the main objective for reducing PHLs is 
improved food security and nutrition or lower environmental impacts. 

https://www.nature.com/articles/s41893-020-00622-1#Tab1
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