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Abstract

The Mediterranean flour moth, Ephestia kuehniella (Zeller) and the cowpea weevil, Callosobruchus
maculatus (Fabricius) rank among the most destructive pests in food processing facilities worldwide.
Ephestia kuehniella and C. maculatus may live in the same store simultaneously. To provide a
comprehensive ecological based and cost effective control program, the life history and demographic
parameters of the both stored product pests were studied at 25 + 1°C, 60 + 5% RH, and 16L:8D hours
photoperiod. Moreover, population growth potential of the pests compared based on population
projection. Life history and demographic parameters of both pests were analyzed using the age-stage,
two-sex life table theory. The results revealed that E. kuehniella had longer immature developmental
time, shorter adult longevity, shorter reproduction period, higher fecundity, higher net reproduction
rate, and lower intrinsic rate of increase in comparison with the cowpea weevil. The obtained results
have been discussed in terms of developing appropriate management strategies against both pests in the
storage.
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Introduction

Stored products such as grains, tobacco, and various other dried herbs and spices, as
well as many other stored products such as dried fruits and nuts, are attacked by more than
600 species of beetle pests, 70 species of moths and about 355 species of mites (Rajendran
& Sriranjini, 2008). The insect pest complex attacking stored food products not only leads to
quantity losses but also attenuate their quality. Annual losses in stored grains have been
estimated at 10% (90 million tons) worldwide. Two major economically important groups of
post-harvest insect pests belong to orders, Coleoptera, and Lepidoptera (Sallam, 2008).
Although approximately 70 species of moths have been reported to be associated with the
infestation of stored grains and products, only a small number of species are considered as
widely distributed and destructive (Cox & Collins, 2002).

Mediterranean flour moth, Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) is a
leading destructive insect in storage throughout the world (Sedlacek et al., 1996). It is
predominantly found on flour and powdered cereals. The larvae prefer to feed on powdered
foods though they can also be on whole grains, beans, and exanimate bodies of insects
(Sedlacek et al., 1996). E. kuehniella is frequently used in the mass production of many
biological control agents (predators and parasites) as well as being a storage pest due to its
low cost and easy rearing possibility, non-diapausing life cycle, and high fecundity (Kim &
Riedl, 2005; Hamasaki & Matsui, 2006).

The cowpea weevil, Callosobruchus maculatus Fabricius (Coleoptera: Chrysomelidae)
is a major pest of grain legumes including wheat or any other cultivated cereal crop used as
food (Rahman & Talukder, 2006). It is a holometabolic insect in which the immature stages
feed and develop exclusively inside the seed of legumes (Fabaceae) (Sedaghat et al., 2014).
The larvae bore and feed the endosperms making the seed non-viable for germination or
sprout production and unsuitable for human consumption. The adults do not feed and utilize
their limited lifespan mating and laying eggs on the stored seeds and grains (Devi & Devi,
2014).

Several strategies have been amended to control insects in a storage warehouse or
processing plants and more are still being developed (Tiroesele et al., 2015). Treatments of
synthetic insecticides, especially fumigation, play an important role in stored product pest
management (Campolo et al., 2018). In addition, improved storage technologies can help for
efficient management of insect pests in storage. To minimize the damage caused by insect

infestation, the combination of effective and environmentally friendly approaches should be




Journal of Entomological Society of Iran, 2020, 40 (2) 169

employed. Understanding the life history and demographic parameters of co-occurring pest
insects may ease fitting appropriate pest management strategies. Therefore, the reproductive
and population parameters of such pests should be comparatively examined.

The life table of a pest population provides the most comprehensive narrative of its
survivorship, development, and reproduction (Carey, 2001). The demographic parameters of
storage pests could be used as a promising tool for predicting their population growth
potential e.g., the intrinsic rate of natural increase (r), is one of the estimated life table
parameters and a widely used predictor for plant genotype resistance to pests and also
designing of precise IPM programs (Golizadeh et al., 2010; Khanamani et al., 2013; Safuraie-
Parizi et al., 2014; Nikooei et al., 2015; Azadi et al., 2018).

Two methods are employed to compute demographic parameters: female base (Carey,
1982) and two-sex life table (Chi, 1988). In Carey’s method, notwithstanding many
discrepancies between male and female insects in biological characteristics such as longevity,
survival rate, predation rate, and pesticide susceptibility, male individuals are ignored into
consideration and the changeable developmental rate is dissembled (Chi & Liu, 1985).
However, the age and stage structure of a two-sex population could be calculated more
precisely using the two-sex life table (Chi, 1988) and the actual control efficiency of the
whole population including both sexes could also be determined (Chi & Su, 2006). Therefore,
the data obtained from the female-only age-specific life table method for studying pest
populations are less accurate than the age-stage, two-sex life table method (Yu et al., 2013).

Although E. kuehniella and C. maculatus are severe pests of stored products through the
worldwide, their demography is not studied, completely. Therefore, a comprehensive
understanding of their biology and life history traits is required. In order to successful
protection of grains in stores, early detection of pests is essential because it will give an
indication for on time using of controlling measures and evaluation of their effectiveness.
Predicting the growth of a pest population and anticipating its physical and financial damage
are critical for making a correct timing schedule for successful using pest management
strategies.

Since future pest management systems will be based on a broad knowledge of ecological
characteristics of the pests, estimation of the demographic parameters using the age-stage,
two-sex life table procedure, can play a critical role for precisely making decision. Therefore,
our study aimed to estimate the demographic parameters of E. kuehniella and C. maculatus

and comparison of their fecundity and longevity under laboratory conditions.

Materials and methods

Insect rearing

E. kuehniella
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In order to establish a laboratory colony of E. kuehniella, original individuals were
obtained from the wheat flour factories of Sanandaj, Kurdestan province, Iran; in 2016. The
reference population were reared on 95% whole wheat flour (Variety Sardari) and brewer’s
yeast (5% by weight) at 25+1°C, 60+5% RH and a photoperiod of 16L: 8D h. infested with
the pest eggs (for each 100 gr of diet, around 1000 eggs were used) in 1 L glass jars containing
5009 wheat flour covered with pieces of muslin cloth fixed by rubber bands (Goncalves et
al., 2005).

C. maculatus

A large number of the cowpea weevil, C. maculatus was initially gathered from stores
of Sanandaj, Kurdestan province, Iran. The cultures were maintained on mung bean, Vigna
radiata (L.) seeds kept in glass jars of 5x3.5 cm size covered with a thin voile cloth at 25 +
1°C, 60£5% RH and a photoperiod of 16L: 8D hours. The stock colony was reared under
gently huddle situation to certify their appropriate development. The colony was kept for two
generations before starting experiments under laboratory conditions.

Life table study

Life table studies of both insects were performed under constant laboratory conditions
(25 £ 1°C, 60 + 5% RH, and 16L: 8D h. photoperiod). Tested adults (200 pairs) were moved
to whitewash wheat flour and comminuted barn in the same ratio as above to obtain the cohort
eggs of the moth. After 48 h, both sexes were detached from the diet handling a 0.83-mm
foramen bolter and under a stereomicroscope; the eggs were put and transferred to the
experimental units with 50 replicates per treatment. The experimental unit was Petri dishes
(9 cm high x 10 cm diameter) containing 50g of rearing medium.

About 200 adults of 1-2 days old C. maculatus were released into Petri dishes of 9 cm
size including rearing medium and were allowed mating and oviposition. After 24 h, the
adults were removed and the seeds bearing only one egg were selected. The life table studies
of the cowpea weevil initiated with 50 eggs.

The experimental units of the above mentioned treatments were monitored daily and
duration of different life stages, as well as their survivals were recorded until the adult stage.
After emergence of adults, females, and males were paired, and reproductive parameters of
the females including preoviposition, oviposition, and total preoviposition periods, as well as
daily and total fecundity and longevity, were recorded daily. The dead males were replaced
with newly emerged ones in the case of necessity. The eggs were counted and removed daily.
Data analysis

The raw data of life history belong to all individuals were analyzed based on the age-
stage, two-sex life table (Chi & Liu 1985; Chi 1988). The life table parameters including the
age-stage specific survival rate (Sy) (where x = age in days and j = stage), the age-stage-
specific fecundity (fy;) (daily number of eggs produced per female of age x and stage j), the

age-specific survival rate (ly), the age-specific fecundity (my), the age-stage-specific life
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expectancy (ejx), adult preoviposition period (APOP, the preoviposition period counted
starting from the adult emergence), total preoviposition period (TPOP, the preoviposition
period counted commenced upon birth) and the population growth parameters such as the net
reproductive rate (Ro), intrinsic rate of increase (r), finite rate of increase (1), and mean
generation time (T) was calculated accordingly. The age-specific survival rate (ly)

considering both sexes was calculated as follows:

k
Ix = Z ij (8]

where k is the number of stages. The age-specific fecundity (my) was calculated as
follows:

k
D
m, = k (2)
Z j=1 S><J'
The net reproduction rate is defined as the mean number of offspring that an individual

can produce during its lifetime and was calculated as follows:

o0
Ry =>_Im,
x=0 A3
The intrinsic rate of increase (r) was estimated from the Euler-Lotka formula using the
method of iterative bisection with age indexed from 0 to o (Goodman, 1982) as:
S o0+
—r(x+1 _
e Im =1 @)
x=0

The finite rate (1) was calculated as:
A=e" )
The mean generation time is the time length that a population needs to increase to Ro-

fold of its size when the population reaches the stable age-stage distribution and it was

calculated as:
T =—— (6)

The age-stage specific life expectancy (ejy) is the time that an individual of age x and

stage j is expected to live. It was calculated as:

s ()
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The age-stage reproduction value (vjx) represents the contribution of an individual of age

x and stage j to the future population, and it was calculated as follows:

ey(x+1) ) ,
Vjx = S, Z T )Zstyfly

xj

®)

The standard errors of the developmental times, fecundity, reproduction period and
population parameters were estimated by using the bootstrap method (Huang & Chi, 2012;
Akkopru et al., 2015), with 100.000 bootstraps to obtain stable estimates of standard errors
(Akca et al., 2015). The paired bootstrap test was used to compare differences. TWOSEX-
MSChart (Chi, 2017a) was employed for the raw data analysis and calculation of population
parameters. All routines for both the bootstrap and paired bootstrap tests were included in
this program.
Population projection

To project the population growth, we used the method of Chi (1990) and software
TIMING (Chi, 2017b). To demonstrate the variability of population growth, we sorted the
100.000 bootstrap results of the finite rate (1) to find the 2.5" and 97.5™ percentiles, i.e., the
2,500™ and 97,500™ sorted bootstrap samples. We then used the bootstrap life table samples
that generated the 2.5 and 97.5" percentiles finite rate (1) to project the population growth.

The results represent the confidence interval of the population growth.

Results

Immature developmental time and adult longevity of both insects are presented in Table
1. There was no significant difference regarding incubation periods of two the pests.
However, the larval and pupal developmental times of E. kuehniella were significantly longer
than C. maculatus. The results showed that the duration of the preadult and adult stages of
E. kuehniella and C. maculatus were significantly different and total immature stages of E.
kuehniella was longer than C. maculatus (Table 1). In contrast, the adults of C. maculatus
lived longer than the adults of E. kuehniella and within each examined species, the males
lived longer than the females (Table 1).

The results of the measurements of the reproductive parameters clearly showed that both
of the species could successfully produce numerous progeny (Table 2). The reproduction
parameters revealed that adult preoviposition (APOP) and oviposition period of C. maculatus
females were significantly longer though the total preoviposition period was significantly
lower compared to E. kuehniella female. Moreover, the fecundity of E. kuehniella females
(203.30 eggs) was higher than two folds of C. maculatus (95.50 eggs) females (Table 2).
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Table 1. Developmental stages (day) of Ephestia kuehniella and Callosobruchus maculatus
(male and female) (Mean + SE).

Stage E. kuehniella C. maculatus
Mean + SE Mean + SE
Egg 3.0+ 0.0a 3.0+0.0a
Larva 32.3+0.3a 174 £0.1b
Pupa 76+0.1a 3.3+£0.1b
Female preadult 43.19+0.4a 23.8+0.2b
Male preadult 42.46 + 0.6a 235+0.2b
Female adult longevity 7.6+0.3b 15.5+0.6a
Male adult longevity 8.9+0.4b 16.1+0.7a
Female total longevity 50.8 + 0.4a 39.2+0.7b
Male total longevity 51.3+0.6a 39.6+0.7b

Standard errors were estimated by using the bootstrap technique with 100,000 resampling. Means followed by
same lower case letter indicate no significant difference between the species (paired bootstrap test, P < 0.05).

The curves of the age-stage survival rate (sy) (Fig. 1) represented the survival possibility
in various stages along with stage differentiation, which is an important feature of insects.
Due to the variation in developmental rates of the individuals, considerable overlaps were
recorded. We found that the appearance of adults of E. kuehniella occurred later and survived
for a shorter time (Fig. 1).
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Fig. 1. Age-stage-specific survival rate (sy) of Ephestia kuehniella and Callosobruchus
maculatus.

Table 2. Adult pre-oviposition period (APOP), oviposition period and total pre-oviposition
period (TPOP), fecundity (eggs/female) and oviposition period of Ephestia kuehniella and
Callosobruchus maculatus (Mean + SE).

Parameter E. kuehniella C. maculatus
Mean * SE Mean + SE
APOP (days) 0.30 £0.10b 1.50 £ 0.10a
TPOP (days) 43.50 + 0.50a 23.90 £0.20b
Fecundity (egg) 203.30 + 18.40a 95.50 + 2.80b
Oviposition days 3.90 +0.20b 4.90+0.10a

The standard errors were calculated using the bootstrap procedure with 100.000 bootstraps. The means followed by
different letters in the same row are significantly different between both of the species using the paired bootstrap

test at 5% probability level.

The age-specific survival rate (Iy) as a function of fecundity (my) and net maternity (Iym,)

of the both species revealed that oviposition of E. kuehniella began at the age of 39" day with
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the highest daily egg production between the 40" and 50" days. Whereas the females of C.
maculatus commenced oviposition at the day of 23" and the highest oviposition was recorded
at the 25" day. This valence reduced more swiftly in C. maculatus than that of the E.

kuehniella females (Fig. 2).
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Fig. 2. Age-specific survival rate (Ix), age-specific fecundity (my), and age-specific maternity
(Imy) of Ephestia kuehniella and Callosobruchus maculatus.

The age-stage life expectancy (ey) of E. kuehniella and C. maculatus are plotted in Fig.
3. According to the results, the life expectancy of newly laid eggs was higher in E. kuehniella

(50 days) compared to C. maculatus (38 days).
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Fig. 3. Age-stage specific life expectancy (ey) of Ephestia kuehniella and Callosobruchus
maculatus.

The age-stage reproductive value (vy;) of both species increased significantly after adult
emergence. The value of vy; of E. kuehniella was the highest (314.39 d) on the 40" day when

female adults emerged, while in C. maculatus the vy value was peaked at 25" day (95.37 d-

1 (Fig. 4).
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Fig. 4. Age-stage specific reproductive value (vy) of Ephestia kuehniella and
Callosobruchus maculatus.
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The life table parameters of E. kuehniella and C. maculatus demonstrated that the
intrinsic rate of increase (r) and finite rate of increase (1) of C. maculatus (0.144 and 1.154
d?, respectively) were significantly higher than E. kuehniella (0.104 and 1.109 d7,
respectively). The net reproductive rate (Ro) of E. kuehniella (108.43 offspring) was higher
than that of C. maculatus (41.52 offspring). Moreover, the mean generation time (T) of E.

kuehniella was significantly longer (45.10 days) than C. maculatus (25.88 days).

Discussion

Comparative demography and population projection of two important stored product
pests, E. kuehniella and C. maculatus were studied under laboratory conditions to enhance
our knowledge about their life history.

Under studied conditions, incubation period of both pests, were the same (3 days).
While, E. kuehniella had longer developmental time than C. maculatus. Different from our
findings, incubation period of E. kuehniella was reported between 3.98- 4.16 days using
different host varieties and under different laboratory conditions (28 + 2°C, 60 + 5% RH and
a photoperiod of 14:10 h/ L:D) by Tarlack et al. (2015). In the other study, incubation period
of C. maculatus was reported 2.52 days feeding on cowpea at 30 + 1°C (Arjanbhai, 2015).
The temperature in our study was lower than that of used by Arjanbhai (2015) and Tarlack
et al. (2015) and resulted shorter incubation period for E. kuehniella and longer incubation
period for C. maculatus. It should be noted that, experimental material of the present study
were different than the mentioned works, which may affect incubation period of the studied
species.

Total development time including incubation, larval and pupal periods of E. kuehniella
(42.9 days) was longer than C. maculatus (23.7 days). Total development periods of both

species were lower than those reported in the previous studies, e.g. Tarlack et al. (2015) have
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examined development time of E. kuehniella on six different wheat varieties and the shortest
development time reported on flour of Parsi variety (50.98 days) at temperature 28 + 2°C, 60
+ 5% RH and 14:10 h / L:D. In another work, the development time of E. kuehniella was
47.85 days under a similar environmental conditions (Ayvaz et al., 2007). Based on our
findings, the immature development time of C. maculatus was shorter than those reported in
the earlier studies. Fox et al. (2004) found that the development time of C. maculatus reared
on cowpea and mung bean was about 30 days at 25°C. Based on Kazemi et al. (2009)
development time of C. maculatus were recorded 39.53, 34.94, 37.43, and 42.66 days on
mung bean, cowpea, chickpea, and lentil, respectively, under the same conditions as ours.

Plant species differ greatly in suitability as hosts for specific pest when measured in
terms of survival, development and reproductive rates of the pest. Thus, presence of nutrients
and defensive chemicals in plants, presence of repellent or attractive volatile compounds,
presence and density of glandular and/or non-glandular trichomes on plant leaf and stem
surfaces are the most important factors, which affect host acceptability and reproductivity of
the pest (Hoy, 2011).

Female adult longevity of E. kuehniella (7.6 days) was shorter than C. maculatus (15.5
days). Female adult longevity of both pests was shorter than their males. It is plausible
because both the pest species are protogynous where females emerge slightly earlier than
males (Xu & Wang, 2008). Female adult longevity of both species was found lower than
those revealed by previous studies. Depending on the rearing on different varieties, E.
kuehniella female adult longevity was at least 8 days (Tarlack et al., 2015) which is slightly
longer than our results, considering difference in experimental temperature. Similarly, E.
kuehniella female adult longevity was longer than our results (9.87 days) under the same
temperature regime as in our study (Pakyari et al., 2016). Female adult longevity of C.
maculatus was reported as 19-22 days at 25 °C and 9.28 days at 30 °C (Fox et al., 2004;
Arjanbhai, 2015).

Pre-oviposition (0.3 days) and oviposition (3.90 days) periods of E. kuehniella were
shorter than the values reported in previous studies. Tarlack et al. (2015) reported pre-
oviposition and oviposition periods for E. kuehniella 1.26-1.53 days and 4.73-5.46 days,
respectively, at 28°C reared on flours of different varieties. Fecundity of E. kuehniella
(203.30 eggs) was lower than the results of Pakyari et al. (2016) and Tarlack et al. (2015).
Such considerable variation in fecundity may be due to the differences in mass rearing
techniques. Lower number of egg production by E. kuehniella in our study may be due to
their physiological fitness during shorter oviposition period i.e. decline in ovarial
development or changes in biological behaviors (Kim & Lee, 2008). Lower number and
probable lower quality of E. kuehniella urge comparative life table studies of this pest under
different temperatures and humidity regimes on different host plants and varieties for the

development of optimal rearing conditions. The result of the oviposition period of C.
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maculatus in our study (4.9 days) was lower than those reared on green gram and chickpea
while longer than those reared on cowpea and lentil under same temperature regime (Kazemi
et al., 2009). Our results regarding the fecundity of C. maculatus (95.50 eggs / female) is
higher than all C. maculatus cultures reared on the aforementioned host plant seeds (Kazemi
et al., 2009). Pre-oviposition and oviposition periods of C. maculatus on cowpea, chickpea,
and soybean at 30 °C were higher than those obtained in our study, while the results of
fecundity were still higher than those reported in earlier studies (Arjanbhai, 2015). Moreover,
the fecundity of C. maculatus was higher than those from another study including the same
host plant and the same temperature regime (Sedaghat et al., 2014). Variations in fecundity
of the both pests may occur between biological responses of different insect species to
environmental conditions such as temperature and humidity.

The net reproductive rate of the moth was higher than the weevil, while the intrinsic rate
of increase was lower in E. kuehniella than C. maculatus. This is due to fact that the inverse
relationship of the intrinsic rate of increase (r) with the mean generation time (T). The
intrinsic rate of natural increase value of C. maculatus was similar to that reported by
Sedaghat et al. (2014) but higher than the estimated value by Kazemi et al. (2009). Value of
the intrinsic rate of increase is the best indicator for the physiological attributes of an insect
regarding its capability to increase; therefore, it can be used to forecast the prospective
severity of the insect pests (Roy et al., 2003; Razdoburdin, 2006; Negloh et al., 2008).

Differences in life cycle parameters between our results and earlier studies are expected
due to experimental conditions, however our results may be exploited for optimization of
rearing procedures of both pests along with their biocontrol agents such as predators and
parasitoids; for example, the egg parasitoids belonging to the family Trichogrammatidae
(Hymenoptera). Therefore, effects of abiotic (temperature, humidity, the diet properties, food
accessibility, grain moisture, content and its morphological properties, construction materials
of storages) (Bellows et al., 1992; Gillooly et al., 2002; Znidar¢i¢ et al., 2008; Golizadeh et
al., 2010; Znidar¢i¢ et al., 2011) and biotic (perturbation of pest densities and biological
interactions among organisms including predators, parasitoids, vertebrates, cannibalism,
flock, and entomopathogens) factors on life table and population dynamics of insects should
not be underestimated (Chapman, 1928; Boyce, 1946; Cox & Collins, 2002).

Variations in the stage structure can be explained based on the results of population
projection data extracted from the age-stage, two-sex life table data. Since female age-
specific life tables cannot consider stage differentiation, it is impossible to depict the stage
structure using such traditional life tables (Birch, 1948; Huang & Chi, 2012). A
comprehensive understanding of the stage structure of insect pests is crucial in IPM because
their distribution, expansion rate, and injury potential vary with stages (Chi, 1990).

The immature developmental time, adult longevity, and fecundity of E. kuehniella were

significantly higher than C. maculatus. Quite surprisingly, within shorter oviposition period,




178 Mohammadi et al.: Comparative demography of E. kuehniella and C. maculatus

females of E. kuehniella laid two folds eggs as C. maculatus females. Probably the genetic
ability and the longer developmental time allowed the moth to emerge with more stored
energy for laying higher numbers of eggs (Watt et al., 1992). Thus, the moth could produce
more progeny.

An effective control practice against the stored product pests may benefit from a life
table based integrated pest management approach. Therefore, further experiments involving
the effects of various biotic and abiotic factors on life history and population growth

parameters of both pests are needed.
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