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Low permeability triple-layer plastic bags prevent losses of maize
caused by insects in rural on-farm stores
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Abstract Participatory on-farm trials were conducted to as-
sess effectiveness of Purdue Improved Crop Storage (PICS™)
bags for storage of maize in small-scale farmers’ stores in rural
villages in eastern Kenya. A PICS bag is a three-layered her-
metic bag-system that forms a barrier against the influx of
oxygen and the escape of carbon dioxide. Jute, woven poly-
propylene or PICS bags were filled with shelled maize grain,
purchased from the participating farmers, and the three sets of
bags kept in the farmers’ own stores for 35 weeks. Oxygen
and carbon dioxide levels in the PICS bags were monitored, as
well as the temperature and relative humidity in all the bags.
Grain moisture, live insect population, grain damage and
weight loss were examined at intervals of seven weeks.
Oxygen and carbon dioxide composition demonstrated that
PICS bags are capable of sustaining good air-barrier proper-
ties under farmer storage conditions. Moreover, moisture con-
tent of maize stored in PICS bags did not change throughout
the storage period whereas the moisture content of maize
stored in polypropylene and jute bags decreased significantly
in the final 14 weeks. Maize stored in PICS bags remained
free from insect infestation and the weight loss due to insect

damage was below 1 %. On the contrary, polypropylene and
jute bags permitted profuse build-up of insect populations. At
35 weeks, grain damage reached 77.6 % and 82.3 % corre-
sponding to 41.2 % and 48.5 % weight loss in the polypro-
pylene and jute bags respectively. These findings demonstrate
that PICS bags are effective in controlling losses caused by
storage pests under farmer storage conditions.
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Introduction

Maize (Zea mays L.) is one of the most important grain staples
in Sub-Saharan Africa (SSA). The crop accounts for nearly
20 % of plant-based food supply (Abebe et al. 2009), and is a
major source of calories and income for many households
(Zia-Ur-Rehman 2006). Each year, however, enormous
amounts of the harvested and stored grain are lost to insects
during storage because control of these pests is still a chal-
lenge for many small-scale farmers, particularly in poorly
managed stores. The destructive effects are aggravated by
the lack of knowledge and appropriate, affordable and effec-
tive grain care technologies (Moreno-Martinez et al. 2000;
Baributsa et al. 2014). Consequently, food and income secu-
rity of many rural farmers, become tremendously diminished
when stored volumes, quality, food value, andmarketability of
the grain is lost to insect feeding, damage and contamination
(Affognon et al. 2015).

The larger grain borer (LGB), Prostephanus truncatus
(Horn) (Coleoptera: Bostrichidae) and the maize weevil,
Sitophilus zeamais Motschulsky (Coleoptera: Curculionidae)
are the main insects that attack stored maize (De Groote et al.
2013). Others include Sitotroga cerealella (Olivier), Plodia
interpunctella (Hübner, [1813]), and Rhyzopertha dominica
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(Fabricius) (Ortega 1987). P. truncatus is the most damaging
pest for farm-stored maize and, in endemic situations, exten-
sive grain damage results in over 30 % loss of dry weight after
storage for only 3–6 months (Lamboni and Hell 2009;
Mutambuki and Ngatia 2012). Such weight loss may be ac-
companied by heavy grain damage, which could render the
grain totally unfit for human consumption (Njoroge et al.
2014). The maize weevil (S. zeamais) can cause 10–20 %
weight loss after storage for 3–6 months and up to 80 % loss
may occur if untreated maize is stored in traditional structures
(Mutiro et al. 1992; Boxall 2002). To avoid losses caused by
these insects, farmers opt to sell their maize shortly after har-
vest, the effect of which is the loss of opportunity to earn
revenue at peak market prices. Other farmers apply synthetic
insecticides as storage protectants but adequate protection is
often not achieved (Meikle et al. 2002; Obeng-Ofori 2011).
Moreover, the indiscriminate use of insecticides by some
farmers might cause the insects to develop resistance
(Subramanyam and Hagstrum 1996) and, in addition, bring
about environmental and human health risks (Clevo and Clem
2001).

Hermetic storage technologies could offer farmers cost-
effective alternatives for protection of stored maize against
storage insect pests. The technologies rely on creation of mod-
ified atmospheres around the produce via physical, chemical
or biological means to retard activity and survival of the in-
sects that might be packed together with the grain (Anankware
et al. 2012). Among these, bio-generated hermetic storage
systems which achieve sub-normal oxygen levels by simply
enclosing the produce in air-tight containers have received
more attention because they are cheaper and safer (Murdock
et al. 2003; De Groote et al. 2013). The metal silo, for in-
stance, was developed as a valid and effective option for
protecting stored grains in Central America and promoted in
Asia and Africa (Tadele et al. 2011). In Kenya, however,
Kimenju and De Groote (2010) reported that metal silos were
not economically interesting if the capacity were smaller than
500 kg. Thus even though they demonstrated large impact on
the welfare and food security of users, high initial cost became
a disincentive to adoption especially for individual small
farmers who store fewer than five 90 kg bags and whose
opportunity cost of capital is high (Gitonga et al. 2013). On
the other hand, the larger more cost effective silos would re-
quire communal ownership which is unpopular because many
small-scale farmers still prefer to store their own produce, so
as to retain greater control and flexibility in its marketing and
use in the household (World Bank 2010).

Hermetic storage containers that have a capacity of about
90 kg or less, give individual small-scale farmers the flexibil-
ity and control that they desire. The Purdue Improved Crop
Storage (PICS®) triple-layer hermetic storage bag is one such
technology. The technology applies a two-layer envelope
made of two 80 μm-thick high density polyethylene (HDPE)

liners, one surrounded by the second, enclosed by a third bag
made of woven polypropylene. The polyethylene inner liners
have finite oxygen permeability which is sufficiently low that
it greatly hinders oxygen leakage into the bag from surround-
ing air (Murdock et al. 2003). PICS bags were originally de-
veloped for preservation of cowpeas against cowpea weevil,
Callosobruchus maculatus (Coleoptera: Chrysomelidae) in
West Africa (Murdock et al. 2003). The two-layer HDPE as-
sembly creates low air permeability so that when the bag is
filled with grain and sealed, oxygen level drops whereas the
carbon dioxide concentration increases as a result of insect,
fungal, and seed respiration, causing the insects to die
(Moreno-Martinez et al. 2000; Murdock et al. 2012).

In Eastern Africa, hermetic PICS bags were shown to suc-
cessfully control S. zeamais and P. truncatus in artificially
infested maize stored under laboratory conditions (Njoroge
et al. 2014). Similar results were also reported by Edoh-
Ognakossan et al. (2013) in Western Africa, although
P. truncatus was found to make perforations in the HDPE
liners. More recently, Baoua et al. (2014) conducted storage
trials with traders, marketing cooperatives, private seed com-
panies and private food processors in Benin, Burkina Faso and
Ghana under natural infestation, and concluded that PICS
bags could be used by these value-chain actors to safeguard
against insect damage of the stored maize. Environment, how-
ever, might influence effectiveness of the hermetically sealed
bags in controlling stored grain insect pests. It is therefore
important to understand how the technology might perform
in farm storage conditions where most harvested grain is
stored, and where the conditions are diverse in terms of the
storage structures and store management practices. The pres-
ent study compared performances of PICS, woven polypro-
pylene (PP) and jute bags in the protection of shelled maize
against insect damage in farm stores of individual rural small-
scale farmers.

Materials and methods

Trial site, timing, and selection of farmers

On-farm storage trials were conducted with individual farmers
in 9 villages in Kibwezi (02° 23’S, 37° 57’E; 1036 m),
Machinery (02° 54’S, 37° 28’E; 1004 m) and Makindu divi-
sions (02° 18’S, 37° 50’E; 1019 m) in Makueni County, in
Eastern Kenya. The trial site was selected for being a hot-spot
for insect-induced storage losses. The region is generally
semi-arid and experiences a bimodal rainfall pattern in which
rains fall in March - April and November - December. Annual
rainfall ranges between 200 and 700 mm, and day-time tem-
perature ranges between 20 and 30 °C. Trials were conducted
over a 35-week storage period beginning May 2014 to
February 2015, and covered the typical maize storage cycle
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which spans 8–9 months starting shortly after the short rains
harvest season. A total of 33 farmers (3–4 farmers in each
village) who had a harvest of at least five 90 kg bags of maize,
and who also expected to store part of it were recruited for the
trial. A rapid appraisal using a semi-structured questionnaire
was conducted to gather information on storage structures and
storage challenges of the participating farmers.

Materials

Shelled maize grain harvested in the previous harvest season,
and which had not been treated with insecticide was pur-
chased in quantities of 100 kg from each participating farmer.
Storage structures were voluntarily granted by the participat-
ing farmers in their own homesteads. Jute and woven poly-
propylene (PP) bags of 50 kg capacity were purchased from a
dealer in Nyamakima market in Nairobi, Kenya. The PICS
bags (50 kg) were supplied by Lela Agro Industries Limited,
Kano, Nigeria.

Bagging, storage and sampling

Each 100 kg maize lot was sieved through a 2 mm aperture
sieve to remove free insects, dirt and other debris, and then
subdivided into three portions of 33 kg which were used to fill
PICS, PP or jute bags. Before filling the PICS bags, air leak-
age was checked by inflating each of the two HDPE liners
with air, and pressing between the hands while the open end
was tightly twisted with one hand. Only PICS bags whose
HDPE liners did not leak were used. An EL-USB-2 data log-
ger (Lascar electronics Inc., Pennsylvania, USA), pro-
grammed to record data every hour, was placed in each of
the treatments to record the temperature and relative humidity
conditions during storage. Each bag was then shut firmly by
twisting the open end, and fastening with sisal twine and
placed on wooden planks in the farmers’ stores. Another EL-
USB-2 data logger was placed at a strategic open point outside
the farm store of at least one farmer in each village to record
the temperature, relative humidity and dew point of the
locality.

Baseline sampling was done during experimental set ups
(500 g) and subsequent sampling was done at seven-week
intervals. Before opening the PICS bags, oxygen and carbon
dioxide levels were measured using a portable Mocon Pac
Check Model 325 oxygen/carbon dioxide analyzer
(MOCON Inc., Minneapolis, USA). To take measurements,
the inner HDPE liner was punctured with the analyzer needle
at the top, middle and bottom. Holes were then sealed with
self-adhesive tape. Subsequent measurements were performed
from the same spot by lifting and replacing the tape. To obtain
samples for examination of other parameters, the bags were
briefly opened and a composite sample of about 500 g of
maize from each treatment was drawn from five random

points by pushing a two-inch diameter hollow tube sampler
from the top of the bag. Each 500 g sample was mixed well
and analyzed for moisture content. The sample was then
subdivided into four 125 g sub-samples by quartering on a
flat surface. One sub-sample was randomly selected for insect
damage and weight loss determination, and another for live
insect count.

Moisture content determination

A Dickey-John mini GAC® plus moisture tester (DICKEY-
john Corporation, Illinois, USA) calibrated on the basis of
U.S. federal standard grain calibration was used. About
400 g whole grain samples were placed in the tester cup,
levelled off and the moisture content recorded.

Insect damage and weight loss

Sub-samples (125 g) were sieved through a 2 mmmesh kitch-
en sieve, and the dust-free grains were sorted into insect dam-
aged and undamaged grains. Weight of undamaged grains
(Wu), weight of insect damaged grains (Wd), number of un-
damaged grains (Nu), and number of insect damaged grains
(Nd) were determined. Percent damage was calculated as [Nd/
(Nd + Nu)] × 100. Percentage weight loss was calculated by
the count and weigh method using the expression: % weight
loss = ND(WU-WD)/(WU(NU + ND)) × 100 (Boxall 1986).

Live adult insect counts

Sub-samples (125 g) were first kept in a refrigerator main-
tained at 2 °C for 3 h to immobilize crawling insects. The
damaged grains were further split open to remove any insects
lodged within the grain. Insect counts were reported as the
number of live adult P. truncatus or S. zeamais or
T. castaneum per 125 g of grain.

Statistical analysis

Insect count data were loge (x + 1)-transformed while percent-
age data (grain damage, weight loss and moisture content)
were arcsine square root (x/100)-transformed to normalize
them, and then subjected to analysis of variance (ANOVA)
using Stata SE version 12 (StataCorp LP, Texas, USA).
Further, because of the inherent limitations of ANOVA in
describing differences in progression of variables over time,
the analysis of covariance (ANCOVA), which combines fea-
tures of both ANOVA and regression, was also applied to test
effects of treatment and storage duration, and the interaction
effects. When the coefficient of the interaction term was sig-
nificant (P < 0.05), it was concluded that there was a signifi-
cant difference between treatments over the storage period.
One-way ANOVAwas performed where treatment outcomes
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at a specific point in storage time needed to be compared.
Means were separated using Bonferroni adjustment at 95 %
confidence level.

Results

Farmers maize production and customary storage
structures and storage practices

The average maize production of participating farmers varied
but was within the scale of smallholder producers. About half
of the farmers (46.7 %) harvested 10–20 bags. Another 30 %
harvested more than 20 bags while 23.3 % of the farmers
harvested fewer than 10 bags. The quantity of grain reserved
for storage for household consumption and other house uses
varied as well. Two-thirds of the farmers (63.3 %) stored be-
tween 6 and 10 bags, 20 % stored fewer than 5 bags while
16.7 % stored more than 10 bags. Figure 1 summarizes key
characteristics of the farmers involved in the storage experi-
ment with respect to important maize storage practices.
Slightly more than half of the farmers (53.3 %) harvested
and stored traditional maize varieties (kinyanya) whereas
36.7 % of the farmers had pure improved varieties. A small
proportion (10 %) harvested and stored both traditional and
improved varieties. Most of the farmers (90 %) stored their
maize as shelled grain while 10 % stored their maize as
dehusked cobs as well as shelled grain. About three quarters

of farmers (73.3 %) stored their maize grain mainly for house-
hold use for a period exceeding 7 months. Only a small pro-
portion (26.7 %) of the farmers stored their maize for a period
of less than 6 months. The majority of farmers (66.7 %), who
stored shelled maize, packed the grain in woven polypropyl-
ene bags and placed the bags in granaries (ikumbi). A third of
the farmers (33.3 %), however, preferred to store the bags in
designated rooms in the living house. The granaries were
mainly raised structures constructed using wooden slats or
sisal stems with either grass thatch (traditional granaries,
42.1 %) or iron sheet roofing (improved cribs, 57.9 %).
Some of the granaries, particularly the improved cribs, were
fitted with rat guards (5.3 %) but many (94.7 %) were not, and
the farmers used commercial baits or kept domestic cats for
rodent control. The special rooms used for maize storage by
the farmers were mainly brick wall rooms with concrete floor
but farmers habitually installed raised wooden platforms on
which the bags were laid. Most farmers (83.3 %) stored maize
grain together with other commodities including cowpeas,
pigeon peas and green gram in the same storage structure.

All farmers experienced losses during storage. Close to
60 % of the interviewed farmers attributed this loss to insect
infestation, while 30 % of the farmers attributed it to both
insects and rodents, and only 10 % of farmers attributed the
losses to both insects and mold infections. In farmers own
estimation, the losses amounted to 100–200 kg (about 1–2
bags; average losses 16.4 %) for farmers who stored 6–10
bags for home use. Higher losses of more than 200 kg were
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reported by farmers who stored more than 10 bags, particular-
ly those selling at peak market prices (average losses 24.8 %),
while for farmers who stored fewer than 5 bags, the losses
were less than 100 kg (average loss 6.7 %). Almost all farmers
(93.3 %) applied insecticides mainly Actellic Super® dust
((Pirimiphos methyl (1.6 g/100 g) + permethrin (0.3 g
/100 g)) to control storage pests and losses whereas a few
(6.7 %) used indigenous methods such as admixing with
wood ashes. Farmers were also aware of good storage hy-
giene. All the farmers removed the old stock and cleaned their
stores, and, in addition, three quarters of the farmers (73.3 %)
sprayed the store and storage bags with insecticide before
introducing newly harvested produce.With these efforts, how-
ever, many farmers (80 %) did not achieve effective control of
storage losses.

Gas composition, temperature and relative humidity
conditions

Figure 2 shows the mean oxygen and carbon dioxide concen-
trations in the PICS bags over the 35-week storage period.
Initial oxygen and carbon dioxide concentrations determined
immediately after closure of the bags were 20.5 ± 0.5 %
(range: 20.5–20.7 %) and 0.2 ± 0.1 % (range: 0.2–0.3 %)
respectively.Within the first 7 weeks of storage, oxygen levels
dropped rapidly to 4.9 ± 0.3 % (range: 1.2–7.6 %). On the
other hand carbon dioxide increased to 10.5 ± 0.5 % (range:
6.7–18.5%) within the same storage period. During the rest of
storage period, oxygen concentration increased gradually to
10.3 ± 0.3 % (range: 8.0–12.6%). Carbon dioxide on the other
hand had minimal changes throughout the storage period and
almost stabilized at 10.6 ± 0.6 % (range: 4.9–15.9 %) at
35 weeks.

The atmospheric temperature, relative humidity and dew
point conditions taken every hour in the study sites are given

in Fig. 3. Profiles of these parameters in the three types of
storage bags during the course of storage are also shown.
The mean atmospheric temperature, relative humidity and
dew point at the study site were 23.9 ± 3.2 °C,
59.9 ± 11.1 %, and 15.9 ± 2.2 °C, respectively. These patterns,
however, are characterized by wide ranges between 17.2–
35.2 °C (temperature), 24.4–91.5 % (relative humidity) and
7.9–20.7 °C (dew point).

In the storage bags, temperature changed with the varying
environmental temperature. Average temperature in the PICS
bags (n = 12) was 25.7 ± 0.4 °C (range: 21.9–29.8 °C). On the
other hand, temperature prevailing in PP (n = 12) and jute bags
(n = 12) averaged 28.2 ± 0.5 °C (range: 22.7–33.0 °C) and
28.6 ± 0.6 °C (range: 23.5–33.2 °C), respectively. Whereas
temperature in PICS bags remained significantly lower than in
PP and jute bags (F = 13.01; df = 2, 33; P = 0.001), the
temperature conditions prevailing in PP and jute bags did
not differ significantly (P = 1.0). Overall, there was a general
rising trend in temperature of the environment, and this, like-
wise, occurred in the three types of storage bags. Lowest tem-
peratures were recorded in June - July, whereas highest tem-
peratures were recorded in October - February. Atmospheric
relative humidity also varied but did not change much except
for a notable increase in October – December coinciding with
the short rainy season experienced during this time of the year
in the trial site. Fairly constant relative humidities were main-
tained in the PICS bags (F = 0.58; df = 7, 88; P = 0.768), and
the levels varied from 57.9–76.4 % (mean 64.3 ± 1.8 %;
n = 12) depending on the moisture content of the grains.
Relative humidity in PICS bags remained significantly higher
than in the PP and jute bags (F = 27.03; df = 2, 33; P < 0.001).
The lower humidity levels prevailing in the PP and jute bags,
however, did not differ significantly throughout the storage
period and averaged 55.6 ± 1.1 % (range: 50.4–59.6 %;
n = 12) and 54.2 ± 1.0 % (range: 49.7–59.4; n = 12),
respectively.

Effect of type of storage bag on grain moisture content

The initial moisture content of maize grain varied from farmer
to farmer and averaged 13.3 ± 0.2 % (range: 12.4–15.0 %) at
the start of experiment. From analysis of covariance, moisture
content depended significantly on the interaction effect be-
tween type of bag and storage period (F = 6.03; df = 10,
522; P < 0.001). Maize stored in PICS bags retained its mois-
ture content throughout the storage period (F = 0.25; df = 5,
174; P = 0.940) at about 13.3 ± 0.1 % as shown in (Fig. 4). By
contrast, moisture contents of maize stored in PP and jute bags
started to decline from the 14th week, and reached levels that
were significantly lower than in PICS bags from the 21st
weeks of storage onwards (F = 13.59; df = 2, 87;
P < 0.001). There was, however, no significant difference in
the moisture contents of maize stored in PP and jute bags
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throughout the entire storage period P = 1.000 (Fig. 4) and the
lowest moisture contents attained were 11.8 ± 0.2 % and
11.7 ± 0.3 %, respectively.

Effect of type of storage bag on live insects count

In this study only S. zeamais and T. castaneum were detected.
Figure 5 shows the populations of surviving adults of the two
pests in the three types of bags. At the start of the experiment,
some of the maize acquired from farmers had already been
infested to different levels, but the visible emergent infesta-
tions were relatively low. The average number of live
S. zeamais adults was 4–5 insects per kg whereas no live
adults of T. castaneum were present. Interaction
effect between type of storage bag and storage duration was
significant for both S. zeamais (F = 25.98; df = 10, 522;
P < 0.001) and T. castaneum (F = 25.72; df = 10, 522;
P < 0.001). On all sampling occasions except the baseline
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sampling, no live insects were detected in the PICS bags. On
the contrary, proliferation of insects in PP and Jute bags con-
tinued, and the populations of live adult S. zeamais remained
higher than those of T. castaneum. Significant numbers of
T. castaneum became evident starting from the 14th week of
storage, and a drastic increase occurred in the 28th - 35th week
interval, when the ratio of live adult S. zeamais to
T. castaneum approximated 2:1. The populations of these
pests in PP and jute bags, however, did not differ significantly
(Fig. 5).

Effect of type of storage bag on grain damage and weight
loss

Grain damage and grain weight loss in the three types of
storage bags are presented in Table 1. At the start of experi-
ment, the maize had a low level of grain damage of
3.6 ± 1.3 %. No further damage was observed in PICS bags
during the 35 weeks of storage (Table 1). In contrast, grain
damage in PP and jute bags increased steadily, and reached
77.5 ± 5.6 % and 82.3 ± 5.1 %, respectively at the end of the
storage trial. The interaction effect of type of storage bag and
storage period on grain damage was highly significant
(F = 21.21; df = 10, 522; P < 0.001). Notably, beginning from
the 7th week of storage, significantly higher damage was
found in the PP and jute bags as compared to the PICS bags,
and the trend continued throughout the storage period
(F = 26.05; df = 2, 87; P < 0.001). Moreover, although grain
damage measured in jute bags was consistently higher than
that measured in the PP bags throughout the entire storage
period, the two bags did not differ significantly (Table 1).

Initial weight loss of maize grain at the start of experiment
was 0.7 ± 0.3 %. No further losses were observed in the PICS
bag during storage. However, weight losses of maize stored in
PP and jute bags exceeded 5 % in 14 weeks, and increased

steadily to 41.2 ± 3.3 % and 48.5 ± 3.4 %, respectively in the
35th week. The interaction effect between type of bag and
storage duration was significant (F = 33.70; df = 10, 522;
P < 0.001). Notably, beginning at the 14th week, significantly
higher weight loss was determined in the PP and jute bags as
compared to the PICS bags, and the trend continued through-
out the storage period (F = 18.41; df = 2, 87; P < 0.001).
Similar to insect damage, there was no significant difference
between the weight loss of maize stored in PP bags and that
stored in jute bags (Table 1) although weight losses measured
in the jute bags were consistently higher during the entire
period of storage.

Discussion

Subsistence maize farming in rural areas requires that farmers
store their produce to assure supply between harvests.
Findings of this study show that farmers stored varying quan-
tities for different reasons under varying storage conditions for
different periods. Traditional storage methods that these rural
farmers adopt at farm level are usually adapted to their envi-
ronments and the types of crops they traditionally expect to
store. However, the advent of factors such as new crop varie-
ties which are usually more susceptible to infestation by in-
sects than traditional ones (Amoson et al. 1997), and the
spread of exotic storage pests such as Prostephanus truncatus
could disrupt erstwhile effective storage practices. All the par-
ticipant farmers in the present study experienced storage
losses due to insect attacks. Although farmers applied insecti-
cides and other traditional treatments to control pests, fewer
than 25% succeeded inmitigating losses. They thus perceived
these control methods as ineffective. Indigenous treatments
such as admixing with wood ash, have low efficacy because
no standard application guidelines exist (Stathers et al. 2008),
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Fig. 5 Populations (number per
125 g) of live adult S. zeamais (a)
and live adult T.castaneum in
polypropylene bag (□), jute bags
(○) and PICS bags (Δ) over 35-
weeks storage period. Plotted data
are means ± standard errors of 30
replications, represented by 30
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and their use is only practical when preserving small quantities
of grain in the short-term. The limited effectiveness of syn-
thetic insecticides used by the farmers could be explained by a
number of reasons, among them possible adulteration of the
insecticides by vendors, improper application practices such
as delayed treatment (Golob and Hanks 1990), incorrect dos-
age and patchy use by the farmers (Mutambuki and Ngatia
2012), or the progressive loss of insecticidal potency of the
active ingredients (Denloye et al. 2008). This limited efficacy
of common insecticides on stored maize has also been report-
ed by other authors. For instance, Meikle et al. (2002) reported
a weight loss of 7 % and a depreciation of the market value of
27 % in maize stored for six-months with Sofagrain™
(Pirimiphos-methyl (1.5 %) + Deltamethrin (0.5 %)) in
Ghana. Similar observations were also reported for maize
stored with Actellic Super® dust in West- (Biliwa and
Richter 1990) and East-Africa (Stathers et al. 2008;
Mutambuki and Ngatia 2012). In addition, rodents are report-
ed to be the greatest vertebrate pest in East Africa. They are
usually responsible for substantial damage to food and cash
crops (Fiedler 1994). As shown in this study, some partici-
pants attributed losses to both insects and rodents but it was
actually difficult to quantify the losses due to rodents only.
Previously, Makundi et al. (1991) stated that in unprotected
storage structures and where a food source is abundant certain
species of rodents can increase to very high numbers within a
short period, leading to severe losses. Thus, in rural commu-
nities in Africa, crop damage in the field and grain losses in
storage, although not fully quantified, could undoubtedly be
high.

Results of gas composition in PICS bags obtained in the
present study show that the bags are capable of retaining good
air barrier properties in on farm stores, and therefore could
offer a maize storage alternative for rural farmers. A fairly
stable modified environment was achieved in PICS bags as
the HDPE liners were able to trap products of aerobic

respiration emanating from within the bag. Although oxygen
and carbon dioxide levels of 4.9 % and 10.5 %, respectively,
were measured within the first 7 weeks of storage, it is possi-
ble that lower levels of oxygen and higher levels of carbon
dioxide may have been reached in the bags, but were unde-
tected because these first measurements were taken after a
long interval. In addition, the tendency of oxygen to continue
rising after attaining a minimum could be explained as being a
consequence of this initial steady change in concentration of
the two gases. First, because oxygen depletion and carbon
dioxide build-up would retard insect activity and other surviv-
al processes in the bags (Murdock et al. 2012), it is probable
that oxygen around individual grains would tend to increase as
air proceeds to leak slowly through the partially impermeable
HDPE liners following concentration gradient. Second, after
sampling and closing the bags, depletion of oxygen in
enclosed air may be less rapid. At this stage, we speculate that
because oxidative metabolism is severely attenuated, oxygen
consumption drops to very low levels while the oxygen level
in the surrounding airspaces gradually rises toward normal
(Baoua et al. 2012a).

Previous work has reported disparate oxygen and carbon
dioxide progression and retention patterns in hermetic
systems. Baoua et al. (2014) reported oxygen and carbon di-
oxide concentrations varying between 6.1 and 12.4 % and 3.1
and 7.7 % in PICS bags packed with naturally infested maize
grain and stored for 6.5 month. In a separate study with
naturally infested cowpeas stored where gas compositions
were recorded daily for 12 days, Baoua et al. (2012a) observed
a trend where oxygen levels dropped in the range of 2–3 %
before gradually rising again to 12 and 15 %, while carbon
dioxide was observed to rise to 5 % before gradually decreas-
ing again: this was attributed to low aerobic metabolism pro-
cesses in the PICS bags. Generally, oxygen depletion and
carbon dioxide build-up in hermetic conditions is a function
of elements of the storage system, including insect

Table 1 Percentage grain
damage and weight loss of maize
grain stored in polypropylene,
jute and PICS bags for 35 weeks
(n = 30)

Storage duration (weeks)*

0 7 14 21 28 35

Grain damage (%)

PICS 3.6 ± 1.3a 3.5 ± 1.3a 3.5 ± 1.2a 3.7 ± 1.2a 3.7 ± 1.2a 4.0 ± 1.2a

PPB 3.6 ± 1.3a 9.2 ± 2.4b 25.8 ± 3.9b 50.1 ± 5.5b 56.9 ± 5.6b 77.6 ± 5.6b

Jute 3.6 ± 1.3a 10.0 ± 2.5b 30.1 ± 4.3b 53.7 ± 5.7b 61.4 ± 5.8b 82.3 ± 5.1b

Weight loss (%)

PICS 0.7 ± 0.2a 0.7 ± 0.2a 0.8 ± 0.3a 1.2 ± 0.4a 0.8 ± 0.3a 0.8 ± 0.2a

PPB 0.7 ± 0.2a 1.8 ± 0.5b 6.3 ± 0.9b 17.7 ± 1.9b 24.8 ± 2.8b 41.2 ± 3.3b

Jute 0.7 ± 0.2a 2.1 ± 0.5b 7.5 ± 1.1b 20.1 ± 2.4b 27.6 ± 3.0b 48.5 ± 3.4b

*Storage was conducted between May 2014 and February 2015. Data are means ± standard errors. Entries in the
same column followed by same letters are not significantly different (P > 0.05). Means were separated using
Bonferroni adjustment
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populations, moisture content of grain, fungal inocula, quality
of the grain, and gas-tightness (Moreno-Martinez et al. 2000).
For instance, Moreno-Martinez et al. (2000) observed gradual
decrease in oxygen to 13.7 % by 24 days of storage that
eventually stabilized at about 8.4 % within 30 days in clean
maize stored without insect infestation and fungal infection
under hermetic conditions. Similarly, Williams et al. (2014),
using clean maize grain conditioned at 12 %moisture content,
showed that oxygen and carbon dioxide levels did not change
drastically, and stabilized at only 18.3 % and 1.2 %, respec-
tively, during storage for one month in PICS bags because the
respiration rate of the grains was low. This failure of stored
grains to produce marked changes in gas composition in PICS
bags was also reported in storage trials with other commodi-
ties including dry non-infested pigeon peas (Vales et al. 2014)
and dry non-infested cowpeas (Murdock et al. 2012). For the
present trial it is highly probable that oxygen and carbon di-
oxide content measured in the bags did not reach extreme
levels because the respiration rate of surviving forms was
low and the occasional opening for sampling (Murdock
et al. 2012). Furthermore, grains are capable of absorbing
some carbon dioxide, the extent of which depends on factors
such as storage temperature, moisture content and grain type
(Cofie-Agblor et al. 1995; Yamamoto and Mitsuda 1980). It
is, however, also worth noting that the PICS bags seemed to
maintain a fairly stable modified environment level because
measurements were taken before opening the bags following a
long interval of closure, and with extreme care to prevent
changes in gas composition. Occasional opening of the bags
for sampling would be expected to be marked by obvious
spikes in gas composition levels. Although subsequent gas
measurements immediately after sampling and closure of the
bags was not carried out to know the extent of these changes,
such information is of interest because many small-scale users
would need to open the bag frequently to draw out grain for
household use.

The results from this study indicate that PICS bags are
good barriers against the fluctuation of grain moisture content
or loss by grain stored in them, whereas moisture of grain
stored in PP and jute bags could gradually change. Such
changes have implications on the quality and safety of the
stored maize as well as the saleable weight. Moisture content
of maize stored in PP and jute bags gradually decreased during
storage owing to the fairly warm and dry conditions that
prevailed at the trial site. Similar observations were also made
elsewhere (Williams et al. 2014; Baoua et al. 2014). From
laboratory trials, however, Njoroge et al. (2014) reported an
increase in moisture content of maize stored in PP bags for six
months, and attributed this to heavy insect infestation. Heavy
fungal growth especially on insect damaged grains might also
result in moisture gain (Compton et al. 1998). Moreover, dif-
ferent maize varieties could also have different tendencies to
give up or absorb moisture in storage environments. Thus, in

addition to environmental conditions, nature of the grain and
biological activity could influence the final moisture content
of maize packed in storage bags.

The modified environment created by enclosing PICS bags
with maize effectively suppressed insect survival thereby
stopping grain damage and losses. Oxygen depletion and car-
bon dioxide enrichment of intergranular atmosphere form the
basis for suppression of insect infestations in hermetic storage
via a number of mechanisms. The lowest oxygen level for
multiplication of insect pests is 2–3 % (Moreno-Martinez
et al. 2000; Vachanth et al. 2010), although some studies also
indicate that insects may adapt to low oxygen tensions and
evolve into forms that resist sub-normal oxygen levels of
about 1 % (Annis 1986; Donahaye 1990). A low oxygen level
of about 2–3 % has been found to interfere with feeding of
larval forms of insects which could become extremely slow or
even cease, causing death (Moreno-Martinez et al. 2000;
Murdock et al. 2012). In addition, Bailey and Banks (1980)
indicated that oxygen depletion retarded development, im-
paired metamorphosis and altered fecundity of insects without
necessarily killing them. Extremely low oxygen levels were
not attained in this study. However, according to Banks and
Annis (1990), the simultaneous exposure of insects to low
oxygen and high carbon dioxide could contribute to insect
inactivity or mortality in a synergistic way. Nicolas and
Sillans (1989) reported that at lower humidity, more water loss
from permanently open spiracles caused by stimulation with
high carbon dioxide would lead to desiccation then to death.
Carbon dioxide also dissolves in body fluids to form carbonic
acid which could decrease haemolymph pH (Lea and Ashley
1978) and NADPH (Friedlander et al. 1984), influencing ac-
tivities at cell membranes or inhibiting various enzyme sys-
tems. On the other hand, accumulated carbon dioxide induces
diapause in some insects without necessarily causing mortal-
ity. Recently, Murdock et al. (2012) concluded that insects
enclosed in limiting oxygen conditions died of desiccation
because they were unable to generate the water they needed
to maintain vital life processes, which they do by oxidizing
energy-rich substrates in their diets.

This study has demonstrated significant grain damage and
weight loss in maize stored in PP and jute bags compared to
that which was stored in PICS bags. The high levels of grain
damage and weight loss in PP and jute bags may be attributed
to high rates of grain respiration and insect pest multiplication
as a result of a conducive environment, particularly high ox-
ygen concentrations within the bags. On the other hand, mul-
tiplication of insect pests was discouraged in PICS bags by the
fact that the environment within the bags was modified (high
carbon dioxide and low oxygen concentrations) reducing the
extent of the damage and losses. In the present study the
damage and losses were primarily a consequence of
infestation by S. zeamais. Although losses by S. zeamais are
generally regarded as low, other researchers have reported
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devastating losses caused by S. zeamais in farm stores. For
instance, Sori and Ayana (2012) reported grain damage and
weight losses averaging 54–80 % and 41–74 % respectively,
on maize stored for 6 months in farmers stores in the Jimma
zone of Ethiopia. In a separate study, Nukenine et al. (2002)
reported that S. zeamais caused up to 80 % loss in Cameroon
after storage for 6–8 months in traditional storage systems.
Recently, Baoua et al. (2014) in storage trials with maize grain
using PICS and woven polypropylene bags in Benin, Burkina
Faso and Ghana under natural infestation conditions reported
grain damage of 6.7–53.9 % corresponding to weight loss of
1.1–21.5 % in maize stored in PP bags where densities of
S. zeamais were the dominant species after 6.5 months.
During the storage trials, Baoua et al. (2014) used local stor-
age spaces provided by the participants. However, despite the
diversity of species and variability of pest density from one
site to another the quality of grain stored in PICS bags was
protected. In addition, Jay (1983) clarified that environmental
factors such as temperature and relative humidity play impor-
tant roles in proliferation of insect pests in stored products.
The optimal conditions for reproduction and growth of
S. zeamais and T. castaneum are 60–70 % relative humidity
and temperatures of 25–30 °C (Madrid and Loschiavo 1990;
Schwartz and Burkholder 1991). As these conditions
prevailed in our trial sites this might explain the extensive
damage and losses caused by S. zeamais on the maize stored
in PP and jute bags. As expected, T. castaneum appeared in
the PP and jute bags later after S. zeamais had caused damage
to the whole grains. Further to weight loss, which represents
direct loss of edible and saleable mass, grain damage causes
loss of quality which is often associated with low food value
and palatability. Such grain is also of low market value. Thus
storage of maize in PICS bags would also prevent losses of
quality and market value. In an exploratory study in Ghana,
Compton et al. (1998) demonstrated strong quasi-linear neg-
ative relationship between grain damage and price. Whereas
grain damage of 5–6 % or below did not attract discounted
prices, maize with damage in excess of 5–6%, was discounted
at 0.6–1 % for every 1 % increase in grain damage.
Furthermore, extensive damage renders grain unfit for human
consumption and is occasionally unsafe as it is highly suscep-
tible to mold infection and mycotoxin contamination.

In this study, P. truncatuswas not observed during baseline
and subsequent samplings probably due to the erratic nature of
outbreaks of the pest (Hodges 2002). Previous on-farm stor-
age trials conducted in western Kenya (Ngatia and Kimondo
2011) also reported absence of P. truncatus but the presence of
S. zeamais, S. cerealella and Tribolium castaneum.
Birkinshaw et al. (2002) and Hodges (2002) have reported
that Sitophilus species are widespread and in most seasons
and years, a high risk of their attack exists whereas
P. truncatus outbreaks are sporadic for various biological rea-
sons. However, a limitation of PICS bags with regard to

retaining the modified micro-environment is the possibility
of perforation of the HDPE liners by storage insects, thereby
minimising their usefulness. In storage trials with maize and
cassava Baoua et al. (2014), and Ognakossan et al. (2013)
have reported the ability of P. truncatus to perforate the
HDPE liners of PICS bag. Nevertheless, such perforations
did not seem to affect performance of the bags when timely
storage and closure of the bags was done. Although perfora-
tions were not observed in the present study where S. zeamais
predominated, these cannot be ruled out, especially in cases
where development of hermetic conditions is not rapid or
where the bag has undergone mechanical weakening or devel-
oped surface imperfections due to repeated use.

Conclusion

Storage losses due to insect pest infestations are a serious
problem that threatens the food security, nutrition and liveli-
hood of rural farmers who rely on traditional storage systems.
Because many infestations in endemic areas begin on the
farm, prophylactic treatment using insecticides is almost never
achieved. Moreover, in settings where adherence to best prac-
tices in the use of insecticides is poor, farmers who choose to
protect their grain with insecticide may have to apply the
insecticide more than once in order to achieve longer-term
storage, which has cost, environmental and consumer health
implications. Findings of this study show that storage in PICS
bags is capable of halting destructive losses even for produce
that may enter storage with some level of pre-storage infesta-
tion arising from field infestation or improperly cleaned stor-
age structures. Since the PICS technology does not require use
of chemicals, it is cheap, and would allow the high level of
control and flexibility that subsistence farmer’s desire in the
use and handling of their grain. Future work should look at
whether imperfections in HDPE liners such as those caused by
repeated use and twisting could provide additional
opoportunities for common maize weevils to bore through
and hence affect the performance of the bags.
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