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Abstract  
Stored product insects, produce acoustic emissions by moving, feeding or ovipositing inside the grain mass. 
These sounds can be used not only for detection purposes, but also for population density estimation. Acoustic 
emissions of adults of Acanthoscelides obtectus (Coleoptera: Bruchidae) and Callosobruchus maculatus 
(Coleoptera: Chrysomelidae) were recorded infesting various pulses in varying population densities from 1 to 
500 adults/kg product. The acoustic analysis system is being described. Population density, type of grain and 
pest species had significant influence on the number of sounds. The system was 100% precise in negative 
predictions and considerably successful in positive predictions. The system was very accurate (80-100%) in 
detecting insect presence even in the “critical” density of 1 adult/kg product, the most common threshold for 
classifying a stored mass as “infested” or “not infested”. Our study suggests that automatic monitoring of the 
infestation state in bulk grain is feasible in small containers. This kind of service can assist reliable decision 
making if it can be transferred to larger storage establishments (eg. silos). Our results are discussed on the basis 
of enhancing the use of acoustic sensors as a decision support system in stored product IPM. 
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Introduction 
More than 500 species of beetles have been reported to be associated with various stored grain 
products (cereals and pulses) and almost 100 of them may cause significant quantitative or 
qualitative losses. It has been estimated that between one quarter and one third of the world grain 
crop is lost each year during storage. The key for successful management of stored grain pests is not 
only early detection, but also an accurate population density estimation of the pest (Rajendran and 
Steve, 2005).  

Acoustic detection is a very promising method for early detection of insects inside the grain mass 
(Eliopoulos et al., 2015; Hagstrum et al., 1996; Mankin et al., 2011; Potamitis et al., 2009 and others). 
Insects of stored grain generate sound by eating, flying, egg laying, or locomotion. Reliability and 
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efficacy of acoustic sensors has been greatly increased in the last few years as a result of the 
development of improved acoustic devices and signal processing methods (Mankin et al., 2011). 
Apart from detection, very few studies have evaluated the potential of the acoustic method in 
estimating the population density of the pest inside the grain mass (Hagstrum et al., 1988, 1990).  

The aim of our study is to propose and evaluate an automated monitoring procedure for IPM 
implementation in grain handling and storing facilities. The main unit is composed of a piezoelectric 
sensor and a portable acoustic emission amplifier connected to a computer. The software analyses 
the vibration recordings of the piezoelectric sensor, performs signal parameterization and 
eventually classification of the infestation severity of adult beetles inside the grain mass in four 
classes, namely: Class A (densities ≤1 adult/kg), Class B (densities 1-2 adults/kg), Class C (densities 2-
10 adults/kg) and Class D (densities >10 adults/kg). Our results are discussed on the basis of 
enhancing the use of acoustic sensors as a decision support system in stored product IPM. 

Materials and Methods  
For the purposes of our study, we used adults from two important beetle pests of stored pulses. We 
used the grain that each species is most commonly associated with in natural conditions. 
Specifically, we recorded acoustic emissions of the bean weevil Acanthoscelides obtectus (Say) 
(Bruchidae) on kidney and butter (giant) beans and the cowpea weevil Callosobruchus maculatus 
(F.) (Bruchidae) on broad (fava) beans.  

Our system was adopted by Eliopoulos et al. (2015) and consisted of a 14cm long piezoelectric 
sensor mounted on the end of a probe that was pushed into the grain (hard wheat) and a portable 
acoustic emission amplifier (AED-2010L, Acoustic Emission Consulting, Inc., Fair Oaks, CA) 
connected with a computer. The experimental procedure (grain preparation, recording 
methodology etc) is described in detail by Eliopoulos et al. (2015). Each treatment (recording of the 
desired species and number of adults in the desired grain mass) was replicated 5 times. Recordings 
from uninfested pulses was used as control. 

Various infestation densities were tested during the present study (1, 2, 10, 20, 50, 100, 200 & 500 
beetle adults/kg grain). We proceeded into inserting the piezoelectric probe and taking 5 recordings 
per jar. We have grouped insects’ density in 4 distinct classes: Class A (densities ≤1 adult/kg), Class 
B (densities 1-2 adults/kg), Class C (densities 2-10 adults/kg) and Class D (densities >10 adults/kg). 
We apply supervised learning techniques to our dataset as we know the class labels (i.e. we set the 
infestation densities). The task is given the counts/min of the unknown test jar the classification 
algorithm must predict the Class (i.e. severity) of the infestation. 

In operational mode, the computer receives a vibration recording from the sensor which turns into 
counts of enumerated pulses (counts/min). From these counts/min it infers the distribution of 
probabilities over infestation severity classes A-D. By peaking the probability distribution the 
algorithm can output a single decision as well.  

Our data (number of recorded sounds expressed as counts/min) were subjected to analysis of 
variance in order to evaluate the main effects. ANOVA was performed by using SPSS v.18.0. (SPSS 
Inc, 2009). 

Results and Discussion 
The mean numbers of counts/minute that were recorded during the present study are presented in 
Fig 1. The increase on population density (number of adults inside the grain mass) was always 
followed by an increase in recorded sounds. The differences were not always significant. The linear 
model was very effective in describing the relationship between population density and number of 
sounds given that values of R were high (>0.80) (Fig. 2). 

The type of grain had notable influence on the number of sounds. This was observed in the case of 
A. obtectus in small (kidney) and large-sized (butter) beans. The number of sounds was significantly 
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higher when bean weevils were inside the kidney bean mass irrespective of population density 
(F1,88 = 12.61; P = 0.0007) (Fig. 1). 

It has been well documented that acoustic sensors may be very effective in detecting insect 
presence in the grain mass (Eliopoulos et al., 2015; Hagstrum et al., 1991). However, there are only a 
few studies focusing on the estimation of pest density using bioacoustic technology. The first 
attempt was made by Hagstrum et al. (1988) using various densities of R. dominica larvae in wheat, 
and counting the produced sounds, with a piezoelectric microphone and earphones. They 
concluded that insect sounds increase with pest density and that the accuracy of estimation of 
insect densities with the acoustical method was comparable to that obtained with a standard grain 
trier. Following studies by the same research team revealed that acoustic sensors can be used for 
density estimation not only in experimental bins (Hagstrum et al., 1990, 1991) but also in real silos 
(Hagstrum et al., 1994, 1996) with very satisfactory results. Our results cannot be compared with 
those of the above mentioned studies because of the completely different methodology they used. 
For example, Hagstrum et al. (1996) correlated the number of sounds with pest density using 140 
sensors on 7 cables in grain bins, checking each sensor for 10 sec 27 times per day. 

 
Fig. 1 Mean number of sounds recorded inside the pulses mass during the present study. 

 

Fig. 2 Linear relationship of pest population density with number of sounds recorded in stored pulses 

The type of pulse was an important factor that influenced the number of sounds. Although, sound 
is transmitted over longer distances in grains with a larger inter-kernel spacing, such as maize and 
butter beans (Hickling et al., 1997), we found that more sounds were generated when adult beetles 
were in small-sized grain like kidney beans. The reason for this should be that insects have smaller 
free space to move and they “interact” with kernels more often in small sized grains. Vick et al. (1988) 
also demonstrated that number of sounds produced by S. oryzae, R. dominica and Sitotroga 
cerealella (Olivier) (Lepidoptera: Gelechiidae) varied significantly when they were in a different type 
of grain (rice, corn or wheat).  
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Our study suggests that automatic monitoring of the infestation state in bulk grain is feasible in 
small containers. This kind of service can assist reliable decision making if it can be transferred to 
larger storage establishments. Very soon and with further technological development (e.g. piezo 
electric sensors embedded in cables submerged in the grain) the acoustic methodology can provide 
a quick and easy way, not only of detecting, but also of estimating pest population density in larger 
establishments of stored grain facilities. 
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