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Abstract

Data on population growth rates for four insect species were used to develop prediction models of
populations in grain stores. The form of the model was based on an existing insect model from the
literature. The species chosen (Rhyzopertha dominica, Sitophilus oryzae, Oryzaephilus surinamensis and
Tribolium castaneum ) represent common Australian grain storage pests. The resulting models were
incorporated into a one-dimensional drying and aeration simulation program, and plots of predicted
populations at di�erent levels during drying and aeration were obtained. The model was found to
predict growth rates under tropical conditions in good agreement with laboratory data. Agreement was
poorest at low temperatures and for Sitophilus oryzae only, at low relative humidities. The model
consistently explained about 95% of the variance in the data for each species. Psychrometric plots of the
data and model are presented. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Temperature and moisture conditions in grain stores may be manipulated to adversely a�ect
the population growth rate of insect pests (e.g. Birch, 1948, 1953; Longsta�, 1981; Longsta�
and Evans, 1983) by impacting on development rate, fecundity and survivorship. Like
population growth rate, development rate increases from a lower threshold up to the optimum
temperature and then declines rapidly (e.g. Logan et al., 1976; Wagner et al., 1984). At low
temperature, population growth rate is generally more sensitive to changes in development rate
than it is to in¯uences of fecundity and survivorship (e.g. Snell, 1978; Longsta�, 1995). It is
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also relatively insensitive to grain moisture content. On the other hand, at optimum
temperatures (about 338C), grain moisture content has a much greater e�ect upon population
growth rate. This is largely due to its e�ect upon fecundity rather than on development rate
(Desmarchelier, 1988; Beckett et al., 1994; Longsta�, 1995).
Aeration can be used to lower grain temperature to a level at which pest population growth

is zero or negligible, by passing ambient air through the grain. This is generally not higher
than 15±188C, because most insect pest species are either unable to complete development at
these temperatures or are able to do so only very slowly. Aeration is widely used for stored
grain preservation and is used for suppression of insects, control of moisture migration,
preservation of grain quality, and distribution of volatile toxicants.
Under Australian conditions, grain cooling is usually insu�cient to achieve complete insect

control by itself and so it has been frequently used in combination with residual insecticides.
However, because grain cooling slows down the rate of decay of residual pesticides, lower
doses may be used to reduce costs (Desmarchelier et al., 1979; Longsta�, 1981, 1988a,b;
Armitage et al., 1994). Longsta� (1981, 1988a,b) used modelling to demonstrate that rate of
cooling was critical to the success of an aeration strategy, particularly with regard to the
management of insecticide resistance.
Computer models of the aeration process are used extensively in grain industries for testing

aeration strategies. In the last decade, the purely mechanistic approach of heat and mass
balance has been supplemented by the development of models of grain quality. Starting with
the dry matter loss model (Seib et al., 1980 for paddy and Steele et al., 1969 for maize) and the
concept of deterioration index (Teter, 1982), a proliferation of models has appeared, including:
non-enzymic yellowing of rice in long-term storage (Gras et al., 1989); ergosterol as a measure
of mould activity (Naewbanij et al., 1984, 1986); models of viability (Giner et al., 1991),
rancidity of oil seeds and others. Grain is increasingly being assessed in terms of a range of
quality parameters, many of which are a�ected by the storage conditions, so that there is an
increasing need to manipulate and control the storage environment.
In this paper the development of descriptive models of the e�ects of temperature and relative

humidity on population growth rates for four common grain storage insect pests (Rhyzopertha
dominica (F.), Sitophilus oryzae (L.), Oryzaephilus surinamensis (L.) and Tribolium castaneum
(Herbst)) is described, using the data on population growth rates and insect development times
assembled by Beckett et al. (1994). Hitherto, these data have not been used in the simulation of
aeration processes. The process of modelling allows the data to be used in the grain storage
model in a way that would be di�cult with the original data.
This is similar in principle to the work done by Flinn and others, starting with Flinn and

Hagstrum (1990) with work on R. dominica. In this paper, wheat management strategies were
compared using simple models of rate of insect development, model of stages using time delays
and a large array for storing data on adult stages at di�erent times. This array was used in a
temperature-dependent model of egg production. Immigration of 8-day-old adults was assumed
at a rate to ®t available ®eld data. Although no heat/mass transfer model was used (cooling
being represented by an empirical single point model), this work showed the potential for
insect modelling in grain storage. Flinn et al. (1992) modelled Cryptolestes ferrugineus
(Stephens) in combination with the two-dimensional grain storage model of Metzger and Muir
(1983), including a solar radiation term, with good correlation with a ®eld trial apart from near
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the bin centre. This model was improved in Flinn and Hagstrum (1995) with the introduction
of a predator model, and further improved in Flinn et al. (1997) and Flinn and Hagstrum
(1998) with the introduction of insect movement in response to thermal gradients in the grain.
Two main di�erences from the current work should be emphasised. This paper develops an
indicator of the probability of insect infestation, not a prediction of actual insect numbers.
Secondly, this paper is mainly concerned with grain safety during and after drying.

2. Basic data

The data sources used were R. dominica from Longsta� (unpublished data), S. oryzae from
Longsta� and Evans (1983), O. surinamensis from Beckett and Evans (1994) and T. castaneum
from White (1987). Mean values of development period and age-speci®c fecundity and
mortality were used to calculate the intrinsic rate of increase, rm (Birch, 1948). Details on the
data ranges are given in Beckett et al. (1994). Lists of data used are contained in the appendix.
An underlying assumption in these analyses is that the growth rate of each species is

dependent on the temperature and relative humidity of the storage environment. This has two
important consequences. First, models of growth rate can easily be incorporated into grain
aeration models predicting temperature and relative humidity in a grain mass and, second,
insect growth rates can be plotted on a psychrometric chart, allowing prediction of `safe'
storage objectives in terms useful to a computer-based aeration controller.
The data set for T. castaneum has inherent problems as population growth rates were not

measured directly but were calculated from fundamental population dynamics models (White,
1987). White's research consisted of `plugging holes' in the existing data, but not redoing
component models (such as fecundity and larval survival) that already existed. However, some
of the pre-existing component models are based on few data points, and thus the ®nal model
may be compromised. The rm values presented in White's paper were recalculated for the
purpose of this paper based on the component models.

3. Demographic model

The form of the model chosen to ®t the data was in¯uenced by the following factors.

. Sharp insect mortality temperature (Tm ) cut-o�s were observed. This is the temperature
above which insect populations cannot survive.

. The data indicate a gradual decline in growth rate with decreasing temperature at low
temperatures.

. For several insects there is a growth rate maximum at some speci®c relative humidity with
gradual declines on either side of this maximum.

Early empirical work in this area used catenary curves to describe temperature dependence. An
article by Logan et al. (1976) developed a semi-empirical temperature model (for development
rates of Tetranychus mcdanielli L.) which describes the above temperature requirements well.
This model was further re®ned over succeeding papers (e.g. Lactin et al., 1995), speci®cally for
insect phase development. Logan et al. (1976) also used a form of this model to describe
temperature-dependent population growth rate. A summary of other development models is
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given in Hilbert and Logan (1983), with one model (School®eld et al., 1981) having a
theoretical background in enzyme kinetics, but having a symmetrical temperature pro®le and
so being unsuitable for describing rm data (see comments below).

3.1. Temperature component of model

The data for R. dominica illustrate the form of the relationship between temperature and rm
(Fig. 1). An exponential temperature dependence describes well the data at low temperatures,
but does not explain the sharp decline in growth rates at higher temperatures. A symmetrical
equation (such as a second-order power series) does not predict the `sharpness' of the drop-o�
in growth rate around the mortality temperature.
Logan et al's approach was to assume an exponential temperature dependence (based on

relating rate of development to enzyme-catalysed biochemical reactions):

d1 � d10 � exp�k1T � �1�
where d1 is development rate at temperature T, d10 is a reference development rate at some
measured temperature, and k1 is a rate constant. The authors assumed that the mortality trend
at high temperatures could be modelled by a similar form of equation:

d2 � d20 � �1ÿ exp�k2�Tÿ Tm���: �2�

Fig. 1. The relationship between temperature and intrinsic rate of increase (rm ) for Rhyzopertha dominica at 70%
relative humidity.
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Here k1 and k2 are positive rate constants, d2 and d20 are development rates analogous to Eq.
(1), and Tm is a mortality temperature limiting population growth at temperatures near Tm.
The two equations were combined by addition, with the constants chosen by matching limits as
TmÿT becomes large, giving an equation of the form:

d � d10� exp�k1 � T � ÿ exp�k1 � Tm� a2�Tÿ Tm���: �3�
This equation can be rewritten in the form of Eq. (4), which has three constants to be ®tted
from the data, k1, k2 and Tm. The resulting equation (now applied to population growth rates
in general) is:

rm � f�RH� � exp�k1T � � �k2�Tÿ Tm��� �4�
where rm is the rate of population increase in terms of Birch's model (see Eq. (6) below), and
f(RH) is a function describing the relative humidity dependence. For the case where k2 is small,
the second term simpli®es to k2�(TmÿT ), giving:

rm � f 0�RH� � exp�k1 � T ��Tÿ Tm� �5�
where f '(RH) is k2�f(RH) and rm is a measure of the population growth rate, related to
population change with time by the ®rst-order rate equation, and

I=I0 � exp�rm � t� �6�
where t is time in weeks, I is the population at time t and I0 is the initial population size. In
this form only two constants, k1 and Tm are required to describe the temperature dependence,
with some loss of information about the rate at which growth rate decreases near the mortality
temperature.
This form of equation forces a stable population size (I/I0=1) at T=Tm. After initial model

®tting, this was found to be a poor model near T=Tm. Since for rm values there is greater
physical meaning in having the population decline to zero at T=Tm, the rate equation was
modi®ed to

rm � f 0�RH� � exp�k1 � T � � ln�k2 � �Tm ÿ T ��: �7�
The second term was chosen to give a simple form of equation when substituted in Eq. (6), yet
having the desired properties of forcing the population to zero near T=Tm, and was necessary
because the original derivation of temperature dependence was based on development rates
only, not mortality rates. The modi®cation had little e�ect on the percentage of regression
explained by the model, but adds greater physical signi®cance to Tm. This form of temperature
model was used throughout.

3.2. Relative humidity component of model

Two insect species, R. dominica and T. castaneum, showed distinct growth rate maxima with
respect to r.h. in the observed data range, whereas the other two species, S. oryzae and O.
surinamensis, increased monotonically with r.h. over the data range. A second-order power
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series (parabola) in r.h. was assumed, as pro®les of the data showed no obvious skewness and
no theoretical models were known

f 0�RH� � ka � kb � RH� kc � RH2 �8�
where RH in the above equation is relative humidity expressed as a fraction, and ka, kb and kc
are constants.
All data-®tting was performed using the EXCEL solver routine, starting from various initial

parameter values and using multiple applications of the routine to ensure convergence. This
routine proved more robust than those tested in commercial statistics packages at the time.

3.3. Results of model ®ts

The coe�cients giving the best ®t to the data are given in Table 1. Fig. 2 shows plots of
these equations on psychrometric charts, with contour lines indicating lambda (lw) values:

lw � exp�rm � 1� �9�
where lwis the rate of population increase per week and rm has units of weekÿ1. Each pair of
graphs contrasts linear plots of the raw data against plots of the model predictions in a form
suitable for aeration engineers. Comparison of the raw data with the ®t for S. oryzae gave
poorest agreement, indicating that the model has not captured some important source of
variation, and hence may not be adequate. Examination of the raw data shows that the
temperature pro®les below 40% r.h. are substantially di�erent from those above 40%,
suggesting that a di�erent metabolic mechanism comes into e�ect. Modelling data above 40%
only gave good agreement with the data and removed a major source of the variance in rm.
The constants for the model of S. oryzae at high RH are listed separately in Table 1.
The plots in Fig. 2 clearly show environmental conditions which should be avoided in a

grain store, and should be useful in developing strategies for bringing grain in bulk to safe
storage conditions as quickly as possible.
The values of ka, kb and kc had lower levels of signi®cance than k1, k2 and Tm.

Table 1
Coe�cients for growth rate model

Species ka kb kc k1 k2 Tm r 2

Rhyzopertha dominica 0.1673 0.8477 ÿ0.698 0.0607 0.01541 39.50 0.95
Sitophilus oryzae ÿ0.0399 0.2308 ÿ0.171 0.143 0.05425 33.03 0.93
Sitophilus oryzae (high r.h. model) 0.4413 1.609 ÿ1.141 0.047 0.00753 34.55 0.94
Oryzaephilus surinamensis 0.2907 0.1273 ÿ0.0326 0.7174 0.01625 36.13 0.95

Tribolium castaneum 0.7197 2.701 ÿ1.876 0.0314 0.00242 41.29 0.96
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Fig. 2. Interpolated data and model output plots of lw for (a) Rhyzopertha dominica; (b) Sitophilus oryzae; (c)
Oryzaephilus surinamensis; (d) Tribolium castaneum.
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Fig. 2 (continued)
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Fig. 2 (continued)
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Fig. 2 (continued)
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4. Installation in grain aeration program

A model of heat and moisture movement within a grain bulk was constructed as a
component of previous research into grain drying systems in tropical countries (Driscoll, 1985).
To summarise the concepts used in this model, the grain bulk is divided into thin layers, and
heat and mass balance equations are constructed for each layer. Thin layer drying equations
®tted to grain drying data are used to represent mass transfer between the grain and interstitial
air. No heat transfer equation is required due to the comparative rapidity of heat transfer as
against moisture transfer within a layer. This model was ®rst validated by mass balances and
cooling front time predictions for Australian conditions, and has been extensively used for
dryer design and optimisation in south-east Asia and Australia. The two major forms of input
required by the aeration model are the grain thermal and physical properties, and information
on environmental conditions. To this purpose ®les containing thermophysical property data for
a range of grains have been constructed, and weather data for locations relevant to ongoing
research work in grain storage have been acquired. The Australian data set was supplied by the
Australian Bureau of Meteorology, and the Thai data set was supplied as a component of a

Fig. 3. Output from the model showing the in¯uence of aeration on (a) grain temperature at a store in Swan Hill,
Victoria; (b) grain moisture content at a store in Swan Hill, Victoria; (c) insect population size at a store in Swan
Hill, Victoria; (d) grain temperature at a store in Bangkok, Thailand; (e) grain moisture content at a store in

Bangkok, Thailand; (f) insect population size at a store in Bangkok, Thailand.
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Fig. 3 (continued)
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Fig. 3 (continued)
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research project in grain aeration by King Mongkut's University of Technology at Thonburi.
The basic model can be (and has been) used for designing grain dryers and for developing
grain aeration strategies.

An important component of the program is quality analysis. Based on the predicted
temperature and moisture content of the thin layers constituting the grain bulk, estimates of
key quality parameters can be made. These include dry matter loss, ergosterol content,
discolouration, and seed viability. Each quality model was developed for a speci®c grain type,
but is also used for comparative evaluation of drying strategies. Estimates of drying time and
top-to-bottom moisture variation are also important indicators of the e�ectiveness of the
drying process used in the simulation. The model incorporates a fan performance model which
can be con®gured by the user to re¯ect real data. The output of the program is in the form of
graphs of key parameters (such as temperature and moisture content) and summary data ®les.
Dehumidi®cation, cooling and grain turning are modelled, and these options have been used
for speci®c Australian industry situations, as well as research on in-store dryers for the
Philippines.

The quality routine in this program was modi®ed to include prediction of insect growth rates
according to the above insect models. Over a given time integration step and for each thin
layer of the grain bulk, the di�erential form of the above equations is used to predict

Fig. 3 (continued)
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incremental population increases which are integrated to predict population increases:

I � I0

�
t�0

rm exp�rmt� dt �10�

where rm is a function of the layer temperature and relative humidity.
For the temperate climate case, a silo aeration strategy was simulated using Victorian air

conditions (Swan Hill, meteorological data for November 1994±February 1995). This was a
temperature di�erence strategy, using a temperature sensor near the top of the grain mass. If
the air temperature was 58C lower than the grain sensor was measuring, the fan was switched
on to cool the grain. The silo was 10 m diameter, 18 m high, contained wheat and the air
speed selected was 3 m minÿ1.
For tropical conditions (in this case Bangkok, Thailand) an aeration system is inappropriate,

and the strategy used for temperate conditions would not work as there is insu�cient cool air
available. For this reason a drying situation was studied. This involved aeration of a 6 m
diameter bin of 4 m height using ambient air. No air selection was used in order to push a
drying front through the grain as quickly as possible. Again, it was assumed that the grain was
wheat, although in practice it would more likely be paddy, which as rough rice has a far
greater resistance to insect invasion. The wheat was initially at 18% wet basis and 258C. The
air speed selected was 6 m minÿ1.

4.1. Sample results

Sample outputs of the program are plotted in Fig. 3. The vertical scale on each graph shows
how the S. oryzae population size changed with position and time.
As expected, there were substantial and important di�erences between the simulation results

for the two scenarios chosen. In the Victorian situation, after a month the population of S.
oryzae had increased by a factor of about 3.6 at the top of the structure, but by a factor of 1.5
at the bottom. The plot indicates the e�ect of cooling the grain on reducing the rate of
population near the inlet, with the insect population increasing more rapidly towards the top
of the grain mass. Grain near the inlet has been cooled rapidly, and so the insect population
increase is small compared with the outlet grain layer. In actual situations this e�ect is
compounded by radiant and convective heat ¯ows in the silo headspace.
After two weeks under Bangkok conditions, grain moisture content had dropped from 18%

to 12%, and the temperature in the grain had increased from an average of 258C to about
298C. The insect population of S. oryzae had increased by a factor of about 4.3 near the inlet
but only by a factor of 2.5 at the top of the structure. The insect populations near the air inlet
were increasing more rapidly than near the air outlet, so that drying the grain had in this case
increased insect activity, contrary to expectations.
Thus a drying strategy which was suitable in terms of other quality parameters given by the

program has rendered the grain more suitable for insect population growth. Since there is no
easy way by ambient air aeration under Thailand conditions to cool the grain at this time of
year (November), this suggests slow drying of wheat in bulks would not be recommended (at
least without fumigation).
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5. Conclusions

The assumption underlying this method is that a stable population of insects exists in the
grain at the time of loading grain into the bin. This is a worse case scenario, as it assumes no
lag time prior to egg laying. The three major sources of insects are:

. the surrounding background population, of which only adults will have the capacity to crawl
or ¯y into the grain mass;

. the grain being loaded, for which a population distribution biased towards adults would be
expected, the immobile phases of insect development being partially discarded by the
harvesting equipment;

. the storage infrastructure, providing a normal population distribution.

Thus a certain skew in the population towards adults would be expected. The assumption of a
stable population will err on the side of caution, and so the value of rm is a safe indicator of
insect infestations.
Both the model and the data are least reliable at low temperatures, where long periods of

time are required to obtain population growth rates. The model of Eq. (7) could be improved
if more low temperature data were available and the exp(kT ) term was modi®ed to include a
low temperature cut-o�. Despite this, the model explains the statistical variation of the data to
within experimental limits. Data for high relative humidities are also sparse.
As di�erent insects become identi®ed as major pests, there will be an ongoing need to

measure demographic data and to model it in a form that can be used by grain storage and
aeration researchers. Possible applications of this work are:

. for improving aeration strategies as an alternative or an adjunct to the application of
fumigants and pesticides;

. for gauging the e�ectiveness of an aeration or drying schedule by providing an objective
quality criterion, that is, since it is now possible to estimate insect population increases,
criteria such as the average population increase (or worst layer population increase) provide
a valid indication of the practicality of the strategy;

. for predicting insect species dominance under varying storage conditions.

Appendix. Data sets

Temperature (8C) Relative humidity (%) Growth rate, rm (per week)

Rhyzopertha dominica:
15 20 0
15 35 ÿ0.003
15 45 ÿ0.002
15 56 ÿ0.003
15 70 ÿ0.002
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(continued )

Temperature (8C) Relative humidity (%) Growth rate, rm (per week)

18 20 ÿ0.0246
18 35 ÿ0.006
18 45 ÿ0.002
18 55 0

18 70 0.0392
21 20 ÿ0.0521
21 35 0.0953

21 44 0.1398
21 54 0.1906
21 70 0.1906
24 20 ÿ0.0521
24 44 0.3507
24 53 0.392
24 57 0.3853

24 70 0.392
27 20 ÿ0.119
27 33 0.3365

27 43 0.4447
27 52 0.5306
27 70 0.5423

30 20 ÿ0.162
30 32 0.4886
30 43 0.6575
30 52 0.707

30 56 0.708
30 70 0.7093
33 20 ÿ0.214
33 32 0.4947
33 43 0.6627
33 52 0.793

33 56 0.8432
33 70 0.9083
36 20 ÿ0.3755
36 31 0.4055

36 43 0.6206
36 52 0.7419
36 55 0.7905

36 70 0.8838
39 20 ÿ1.1937
39 31 ÿ0.693
39 42 ÿ0.693
39 54 ÿ0.598
39 70 ÿ0.4005
Sitophilus oryzae:
15 20 ÿ0.0726
15 36 ÿ0.0619
15 49 0.0488

(continued on next page)
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(continued )

Temperature (8C) Relative humidity (%) Growth rate, rm (per week)

15 61 0.0583

15 74 0.0862
18 20 ÿ0.0943
18 35 ÿ0.0202
18 49 0.1823
18 60 0.2231
18 73 0.2546

21 20 ÿ0.1744
21 35 ÿ0.1625
21 48 0.3293
21 59 0.3436

21 72 0.4055
24 20 ÿ0.3857
24 34 ÿ0.2485
24 48 0.4637
24 58 0.5188
24 71 0.571

27 20 ÿ0.5798
27 33 ÿ0.3425
27 47 0.571

27 57 0.6575
27 70 0.7324
30 20 ÿ2.6593
30 32 ÿ0.4463
30 47 0.4886
30 56 0.5988
30 69 0.6981

32.5 20 ÿ3.2189
32.5 31 ÿ2.5257
32.5 47 0.1222

32.5 55 0.4318
32.5 68 0.6471
Oryzaephilus surinamensis:
20 30 0.0156

20 50 0.0787
20 70 0.0896
22.5 30 0.217

22.5 50 0.2407
22.5 70 0.293
25 30 0.3556

25 50 0.413
25 70 0.4572
30 30 0.555

30 50 0.6447
30 70 0.801
32.5 30 0.4891
32.5 50 0.7358
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(continued )

Temperature (8C) Relative humidity (%) Growth rate, rm (per week)

32.5 70 0.8805

35 30 ÿ0.0733
35 50 0.2733
35 70 0.5842

Tribolium castaneum:
20.0 60 ÿ0.042
20.0 70 0.063

22.5 40 ÿ0.077
22.5 50 0.140
22.5 60 0.224
22.5 70 0.287

25.0 30 ÿ0.119
25.0 40 0.154
25.0 50 0.322

25.0 60 0.399
25.0 70 0.462
27.5 30 ÿ0.091
27.5 40 0.245
27.5 50 0.455
27.5 60 0.546

27.5 70 0.630
30.0 30 ÿ0.091
30.0 40 0.301
30.0 50 0.560

30.0 60 0.665
30.0 70 0.763
32.5 30 ÿ0.112
32.5 40 0.336
32.5 50 0.630
32.5 60 0.749

32.5 70 0.854
35.0 30 ÿ0.175
35.0 40 0.336
35.0 50 0.658

35.0 60 0.791
35.0 70 0.910
37.5 30 ÿ0.560
37.5 40 0.056
37.5 50 0.483
37.5 60 0.700

37.5 70 0.861
40.0 30 ÿ0.875
40.0 40 ÿ0.497
40.0 50 ÿ0.210
40.0 60 ÿ0.007
40.0 70 0.231
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