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Abstract. A four-parameter nonlinear regression model was fitted to development data of six stored-pro-
duct moth species (Lepidoptera: Pyralidae) reared at various constant temperatures, and at 60-80% rela-
tive humidity on wheat or wheat-based diets. The model provided new information and quantitative
description for predicting egg, larval, pupal, and egg-to-adult (total) development times, and also was use-
ful in comparing the influence of relative humidity and diet on development times. Averaged across the
six moth species, about 8%, 77%, and 15% of total development time was spent in egg, larval, and pupal
stages, respectively. Temperature had the greatest influence on egg-to-adult development time, followed
by relative humidity and diet. The temperatures for maximum and minimum development rates
(1/development time), and degree-days required for egg-to-adult development, varied with the species.
Independently derived egg-to-adult development times (n = 39) for the moth species reared at fewer than
five temperatures, and at 50-90% relative humidity on different diets, were compared with those pre-
dicted by the four-parameter model for the same species. Across all six species, in 64% of the cases, de-
velopment times predicted by the model were within 3 days of the actual data. In 23% and 13% of the
cases, model predictions were within 4-10 and >10 days, respectively, of the actual data.

INTRODUCTION

Development times of insects are influenced by temperature, relative humidity (RH),
and diet. In other guilds, crowding or density is also a factor. For stored-product insects,
extensive data are available on the effects of temperature on development times. Hagstrum
& Milliken (1988), and Subramanyam & Hagstrum (1991) described the nonlinear relation
between development time and temperature using a four-parameter regression model
(Wagner et al., 1984) for several species and stages of stored-product beetles (Coleoptera).
The nonlinear regression model fitted to data from each species facilitated quantitatively
comparing differences in temperature-dependent ‘development times among species,
stages, relative humidities, and diets (Hagstrum & Milliken, 1988; Subramanyam & Hag-
strum, 1991). Although extensive published data are available on egg-to-adult develop-
ment times for several species of stored-product moths (Lepidoptera) reared at various
temperatures, relative humidities, and on different diets, comparisons of differences
among these species have not been made. Temperature, relative humidity, and diet influ-
ence population trends of insect species by affecting development times, survival, and fec-
undity. Quantitative analyses of environmental effects on insects help us in understanding,
predicting or comparing population trends of insects living in the same or diverse habitats.
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For example, development models will be valuable in accurately predicting phenological
events in the insect’s life cycle, such as time of egg hatch, pupation or adult emergence. In
conjunction with age-specific fecundity and adult longevity data, these development mo-
dels can be used to predict population trends of insect species (e.g. Hagstrum & Throne,
1989).

The present study quantitatively compares the influence of temperature, relative humid-
ity and diet on development times of six stored-product moth species. Our objectives
were: 1) to fit a nonlinear regression model to describe egg-to-adult development times of
each moth species reared at constant temperatures and 60-80% RH; 2) to compare tem-
perature-dependent development times among the species; 3) to determine the influence of
humidity and diet on development times; 4) to estimate temperatures where development
rates (I/development time) are maximum (T ) and minimum (T, ); 5) to estimate
degree-days above T, required for completing development; 6) to calculate percentage of
total development time spent in egg, larval, and pupal stages; and 7) to compare model
predictions with less extensive independent data sets where development times were pres-
ented for moths reared at fewer than five temperatures and relative humidities, and on dif-
ferent diets.

min

MATERIALS AND METHODS

INFLUENCE OF TEMPERATURE ON DEVELOPMENT

Mean egg-to-adult development times for the following moths reared at constant temperatures and
60-80% RH were obtained from literature: rice moth, Corcyra cephalonica (Stainton) (Cox et al., 1981):
carob moth, Ephestia calidella (Guenée) (Cox, 1974); almond moth, Ephestia cautella (Walker) (Burges
& Haskins. 1965; Tuli et al., 1966; Tzvetkow & Latif, 1987): raisin moth, Ephestia figulilella Gregson
(Cox, 1974); Mediterranean flour moth, Ephestia kuehniella Zeller (Siddiqui & Barlow, 1973); and In-
dianmeal moth, Plodia interpunctella (Hiibner) (Savov, 1973).

The nonlinear relation between egg-to-adult development time and temperature for each moth species
was described by the following four-parameter nonlinear regression model (Wagner et al., 1984):

Development time =

| + EXP [HH/1.987(1/TH - 1/T)] )
RHO25(T/298.15) EXP[HA/1.987(1/298.15 — 1/T)]

where, T = temperature in Kelvin (K), RHO25 = development rate at 25°C (298.15 K), HA = enthalpy of
activation of reaction that is catalyzed by a rate-controlling enzyme, HH = change in enthalpy associated
with high-temperature inactivation of the enzyme, and TH = Kelvin temperature at which the rate-control-
ling enzyme is half active and half high-temperature inactive. For each species, survival of eggs to the
adult stage varied at the different temperatures. Therefore, regressions were weighted with number of sur-
vivors at each temperature. Regression equations and parameter values were generated by the Marquardt
or derivative-free (DUD) least squares method using the SAS procedure PROC NLIN (SAS Institute Inc.,
1988).

Because data for E. cautella were obtained from threc separate studies, equation (1) was fitted to the
data from each study. Significant differences (P < 0.05) in the temperature-dependent development
among the studies were determined by comparing individual regression models to a pooled model (Draper
& Smith, 1981). If individual models were not significantly different from one another, data were com-
bined and equation (1) was fitted to the combined data. Similarly, significant differences in the tempera-
ture-dependent development between any two species were determined by the model comparison
procedure (Draper & Smith, 1981).
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INFLUENCE OF HUMIDITY ON DEVELOPMENT

Mean egg-to-adult development data at more than five constant temperatures and relative humidities
(10, 20, 40, 60, 85, and 95% RH) were available only for E. cautella (Nawrot, 1979a). Equation (1) was
fitted to the temperature-dependent development data at each relative humidity, and the model compari-
son procedure (Draper & Smith, 1981) was used to test for significant differences (P < 0.05) in develop-
ment among humidities. If models were not significantly different from one another, the data were pooled
and equation (1) was fitted to the pooled data.

INFLUENCE OF DIET ON DEVELOPMENT

Temperature-dependent development data on two distinctly different diets were available only for E.
cautella and E. kuehniella. Equation (1) was fitted separately to development data of E. cautella reared on
wheat or wheat-based diets (Burges & Haskins, 1965; Tuli et al., 1966; Tzvetkow & Latif, 1987), and
peanuts (Nawrot, 1979a). Differences (P < 0.05) in development on these two diets were compared using
the model comparison procedure. Temperature-dependent development models for E. kuehniella reared
on whole wheat flour (Siddiqui & Barlow, 1973), and white flour (Jacob & Cox, 1977) were compared
similarly.

ESTIMATING TEMPERATURE FOR MAXIMUM DEVELOPMENT RATE (T,,.)
T, for each species was estimated by the following four-paramcter nonlinear regression model
(Stinner et al., 1974):

R, = A/{1.0 + EXP[KI + (K2xT")]} 2

where, R, = development rate at temperature T (in °C); A = maximum R, {1.0 + EXP[KI + (K2xT, )1};
K1, K2 = empirical constants; and T" =T for T < T, or T" = [(2xT,,) - T] for T > T, . Parameters A,
K1, K2, and T, were estimated by the DUD least squares method (SAS Institute Inc., 1988).

The influence of humidity on T, was determined by fitting the temperature-dependent development
data of E. cautella (Nawrot, 1979a) reared at 10, 20, 40, 60, 85, or 95% RH using equation (2). Develop-
ment time (1/R,) at T, at each humidity was estimated using equation (2), and parameter estimates are
given in Table 2. Estimated development times at T, were regressed on corresponding humidities using
the PROC REG procedure (SAS Institute Inc., 1988), to determine the change in development time with
humidity. Intercept and slope estimates were tested for departure from zero (r-test; SAS Institute Inc.,

1988).

ESTIMATING TEMPERATURE FOR MINIMUM DEVELOPMENT RATE (T\,,). AND DEGREE-DAYS

For each species, a simple regression was fitted to development rates lincarly related to temperature
using the PROC REG procedure (SAS Institute Inc., 1988). The temperature where development rate is
minimum (T, ), or assumed zero, was estimated by extrapolating the regression line to the x-axis
(Campbell et al., 1974). Inverse of the regression slope value gave degree-days required for completing
egg-to-adult development.

PERCENTAGE OF TOTAL DEVELOPMENT TIME SPENT IN IMMATURE STAGES

For all six species. data on development times of egg, larval, and pupal stages were insufficient to fit
equation (1), because there were fewer than five data points. Therefore, percentage of total development
time spent in immature stages was calculated. Based on these percentages, a mean and standard crror (SE)
for cach species and stage was calculated.

CONTRIBUTION OF TEMPERATURE, RELATIVE HUMIDITY, AND DIET TO TOTAL DEVELOPMENT TIME

The greatest magnitude of difference in development time attributable to temperature, relative humid-
ity or dict alone was calculated as the ratio of maximum and minimum development time. Maximum de-
velopment times attributable to temperature for the six moth species were calculated using equation (1),
and parameter estimates are given in Table 1. The development time at 15°C and T, (Table 2) gave the
maximum and minimum development times, respectively.

Imura (1981) reported egg-to-adult development times for P. interpunctella, E. cautella and E. kueh-
niefla at 43.0-75.5% . 50.0-75.5% and 7.0-75.5% RH, respectively, and 25°C. For each species, the
maximum and minimum development times within these humidity ranges were derived from the reported
data. Stmilarly. maximum and minimum egg-to-adult development times due to dict alone at constant

max
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temperatures and humidity levels for moth species reared on different diets were obtained from various
sources (Williams, 1964; Abdel-Rahman et al., 1968; Bhattacharya et al., 1976; Nawrot, 1979b; Rathore
et al., 1980; Mbata, 1989).

COMPARISON OF MODEL PREDICTIONS WITH INDEPENDENT DATA SETS

Independent mean egg-to-adult development times of moth species reared at fewer than five tempera-
tures, 50-90% RH, and on different diets were compared with those predicted by equation (1) for the
same species. The number of development times compared for C. cephalonica (Osman et al., 1984; Sha-
zali & Smith, 1986), P. interpunctella (Abdel-Rahman, 1971; Bell, 1975; Mbata & Osuji, 1983), E. Siguli-
lella (Donohoe et al., 1949), E. kuehniella (Brindley, 1930; Ahmad, 1936; Bell, 1975), E. cautella (Bell.
1975), and E. calidella (Prevett, 1968) were 12, 15,1, 7,2 and 2, respectively. Difference in development
times in these studies from those estimated by equation (1) were plotted against temperature to show de-
parture from model predictions.

RESULTS

INFLUENCE OF TEMPERATURE ON DEVELOPMENT

The temperature-dependent egg-to-adult development times of the six moth species
were satisfactorily described (R* = 0.95-0.99) by equation (1), and the parameter estimates
are shown in Table 1. E. cautella data from the three separate studies were combined be-
cause individual development models were not significantly different from one another (F
=2.38; df = 8, 10; P > 0.09). In general, development times of each moth species de-
creased with an increase in temperature (Fig. 1), and the rate of decrease was faster be-
tween 15° and 24°C, and slower at > 24°C. Except for E. kuehniella, development times of
the remaining species slightly increased at temperatures above 32°C. Temperature-depend-
ent development times between the following species pairs were not significantly different
from one another: P. interpunctella and C. cephalonica (F =2.92; df =4, 8, P> 0.92), P.
interpunctella and E. figulilella (F = 1.77, df = 4, 8, P > 0.22), and E. cautella and E.
kuehniella (F = 1.34; df = 4, 22; P > 0.28). Except for these three species pairs, all other
species pair combinations were significantly different (P < 0.05) from one another.

TaBLE 1. Parameter estimates (means) for the Wagner et al. (1984) model describing the nonlinear rela-
tion between mean egg-to-adult development time (in days) and temperature for six stored-product moth
species.

Species Tempcrature  #° RHO25¢ HA® HH" TH* R
range ("C)’

fod]

C. cephalonica 17.5-35.0 0.147 70,608.81 69,761.91 293.86 0.99
E. calidella 15.0-35.0 0.039 28,804.90 61,040.99 301.88 0.99
E. cautella® 15.0-35.0 22 0.042 30,263.97 35,299.15 298.65 0.97

oo

E. figulilella 17.5-35.0 8 0.018 18,230.72 56,136.47 306.41 0.95
E. kuehniella 20.0-30.0 8 0.023 14,888.81 66,188.79 305.87 0.99
P. interpunctella 18.0-34.0 8 0.024 28.786.48 62,929.03 303.45 0.99

* For cach species, the model described development within this temperature range.

® n, number of observations.

“ See equation (1) for explanation.

! Equation 1 was fitted to data combined from three separate studies, as described in text.
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Fig. 1. Relation between mean cgg-to-adult development times and temperature for each of the six sto-
red-product moth species. The solid line represents development time predicted by the four-parameter
model [equation (1) in text]. A single model explained Ephestia cautella data derived from Burges &
Haskins (1965; n =9), Tuli et al. (1966; n = 5), and Tzvetkow & Latif (1987; n = 8).

INFLUENCE OF HUMIDITY ON E. CAUTELLA DEVELOPMENT

Egg-to-adult development times were not significantly different (F = 1.47; df = 12, 16;
P > 0.23) among 10, 20, 40, and 60% RH (Fig. 2). Egg-to-adult development times at 85
and 95% RH were also not significantly different from one another (F = 0.55; df =4, 10: P
> 0.70). However, development at higher humidities (85 and 95% RH) was significantly
faster (F = 6.57; df = 4, 42; P < 0.0004) than at lower humidities (10, 20, 40, and 60%
RH). At 85 and 95% RH, the insects developed about 1.2 times faster than at 10-60%
RH, and this difference was consistent across temperatures (16 to 32°C). Development
times among 60, 85, and 95% RH were not significantly different from one another (F =
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Fig. 2. Observed and predicted mean egg-to-adult development times for Ephestia cautella reared at
constant temperatures and relative humiditics. The temperature-dependent development at 85 + 95% RH
(solid line; n = 18) was significantly faster (P < 0.05) than at 10 + 20 + 40 + 60% RH (dashed line; n
=32). Equation (1) parameters at 10-60% RH are: RHO25 = 0.011, HA = 19577.01, HH = 146053.84,
TH = 306.45; parameters at 85 + 95% RH are: RHO25=0.013, HA =21173.47, HH = 89241.06,
TH = 307.80.

1.18; df = 8, 15; P > 0.37). However, differences in development at 10 and 60% RH were
significant at the 10% significance level (F = 3.35; df =4, 8; P =0.07).

INFLUENCE OF DIET ON DEVELOPMENT

Egg-to-adult development times of E. cautella on wheat or wheat-based diets were sig-
nificantly faster than on peanuts between 16 and 34°C (Fig. 3; F = 104.48; df = 4, 41; P <
0.00001). Development was 1.2 to 1.8 times faster on wheat than on peanuts, and the dif-
ferences in development times between these two diets were greater at cooler than at
warmer temperatures.

Egg-to-adult development of E. kuehniella was significantly faster on wheat flour than
on white flour between 20 and 27.5°C (Fig. 3; F = 44.88; df = 3, 6; P < 0.001). The in-
sects developed 1.6 to 1.9 times faster on wheat flour than on white flour, and these differ-
ences in development times were consistent across the temperatures compared.

EsTIMATED T,,,y, T, » AND DEGREE-DAYS
T . for the six species varied between 29.1 and 32.4°C (Table 2). T

max

L Was highest for
E. cautella; it was similar (=29°C) for E. calidella, E. kuehniella, and P. interpunctella.
T, for egg-to-adult development of E. cautella at 10, 20, 40, 60, 85, and 95% RH was
30.0, 29.1, 31.0, 30.8, 32.8, and 32.14°C, respectively. Development times at T, corre-
sponding to these relative humidities were 74.2, 69.7, 58.4, 49.9, 40.8, and 41.2 days, re-

spectively. The relation between development time at T, (DTT, ) and humidity was
described (R = 0.98) by the regression equation
DTT,,,, =76.76 — 0.41xRH 3
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The y-intercept (76.76) and slope (-0.41) were significantly different (P < 0.001) from
zero. The slope value indicated that development time at T, decreased by 4.1 days for
every 10% increase in humidity between 10 and 95% RH.

TabLE 2. Parameter estimates (mean+SE) for the Stinner et al. (1974) model describing the nonlinear
relation between mean egg-to-adult development rate and temperature for six stored-product moth
species.

Species n* T, A K1¢ K2¢ R
C. cephalonica 8 31.36+0.26 0.05+0.01 5.09+0.53 —0.19+0.04 0.97
E. calidella 8 29.19+0.73 0.05+0.01 5.15+1.58 -0.23+0.10 0.96
E. cautella 22 32.43+0.70 0.04+0.003 4.99+0.65 -0.22+0.04 0.93
E. figulilella 8 30.13+0.95 0.11+0.95 4.24+6.49  -0.100.14 0.92
E. kuehniella 8 29.110.13 0.04+0.003 3.64+0.28  —0.16x0.02 0.99
P. interpunctella 8 29.45+0.51 0.03+0.007 6.59+1.72 -0.29+0.10 0.96

" n, number of observations.
® Same temperature ranges as in Table 1.
¢ See equation (2) for explanation.

T, estimates (Table 3) were lowest for E. kuehniella (9.5°C) and highest for P. inter-
punctella (15.4°C). For the remaining species, T, varied between 11.5 and 14.8°C.
Degree-days required for egg-to-adult development of C. cephalonica, E. calidella, and P.
interpunctella were essentially the same, and were lower than those required for the other
species (Table 3). Degree-days required for egg-to-adult development of E. cautella, E.
figulilella and E. kuehniella were also similar.
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Fig. 3. Observed and predicted mean egg-to-adult development times for Ephestia cautella and Ephes-
tia kuehniella reared at constant temperatures on different diets. Data on peanuts represents E. cautella
development at 60 + 85 + 95% RH (Nawrot, 1979a). E. cautella development on wheat (solid line; »n
= 22) was significantly faster (P < 0.05) than on peanuts (dashed line; n = 27). Equation (1) parameters on
wheat are: RHO25 = 0.042, HA = 30265.32, HH = 35298.49, TH = 298.65; parameters on peanuts are:
RHO25 =0.013, HA =20986.18, HH = 90260.83, TH =307.77. E. kuehniella development on wheat
flour (solid line; n = 8) was significantly faster (P < 0.05) than on white flour (dashed line: n = 6). Equa-
tion (1) parameters on wheat flour are: RHO25 = 0.023, HA = 14888.81, HH = 66188.79, TH = 305.87:
parameters on white flour are: RHO25 = 0.202, HA = 50924.09, HH = 4791.76, TH = 288.20.
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TasLE 3. Estimates (mean + SE) of temperature for minimum development rate (T ), and degree-days
(DD) above T, required for egg-to-adult development of six stored-product moth species.

Species Temperature n° T,. DD >T,, R’
range ("C)"
C. cephalonica 17.5-30.0 6 14.75+0.85 491.64+41.72 0.97
E. calidella 15.0-30.0 7 11.95+0.63 470.37£25.31 0.99
E. cautella 15.0-35.0 19 11.52+0.85 619.20+37.65 0.94
E. figulilella 17.5-30.0 6 12.33£1.30 758.73+81.13 0.96
E. kuehniella 21.5-27.5 6 9.54+0.42 724.11+19.82 0.99
P. interpunctella 18.0-32.3 5 15.35+0.76 435.73+40.36 0.98

* Development rates were linear within this temperature range.
® n, number of observations.

PERCENTAGE OF TOTAL DEVELOPMENT TIME SPENT IN IMMATURE STAGES

Averaged across the six moth species (Table 4), about 7.9, 76.7, and 15.4% of total de-
velopmental time was spent in the egg, larval, and pupal stages, respectively. For all
species, based on the percentage of time spent, the stages can be arranged as follows: larva
> pupa > egg. Compared with similar life stages of the other species, C. cephalonica and
E. calidella spent slightly more time in the egg and pupal stages, and less time in the larval
stage.

TaBLE 4. Percentage of total development time spent in egg, larval, and pupal stages for six stored-pro-
duct moth species.

Percent time in stage (mean+SE)

Species n' Egg Larval Pupal Source

C. cephalonica 2 11.8+£2.5 67.7£6.2 20.5+3.7 Rahman & Jahan (1979)

E. calidella 13 13.7+0.6 60.7x1.6 25.6x1.1 Cox (1974)

E. cautella 78 6.8+0.1 79.4+0.7 13.9+0.5 Takahashi (1961); Burges &

Haskins (1965); Tuli et al.
(1966); Nawrot (1979a)

E. figulilella 8 8.2+0.4 75.2+1.2 16.5+1.0 Cox (1974)

E. kuehniella 31 6.8+0.3 78.8+0.9 14.4+0.6 Brindley (1930); Ahmad (1936);
Jacob & Cox (1977)

P. interpunctella 9 11.4+0.5 72.7£0.9 15.8+£0.9 Mbata & Osuji (1983)

Weighted mean 7.9 76.7 154

* n, number of observations.

CONTRIBUTION OF TEMPERATURE, RELATIVE HUMIDITY, AND DIET TO TOTAL DEVELOPMENT TIME

The greatest difference in development time due to temperature for the six moth species
was 3.0 to 13.2-fold (Table 5). For three species of moths, humidity contributed only
about 2-fold to differences in development time. For three moth species, diet alone con-
tributed about 1.3 to 2.8-fold to differences in development time.

COMPARISON OF MODEL PREDICTIONS WITH INDEPENDENT DATA SETS
Independent development time data for the six moth species reared at fewer than five
temperatures, 50-90% RH, and on different diets were often similar to those predicted by
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TaBLE 5. Magnitude of differences in mean egg-to-adult development times in relation to temperature,
relative humidity, and diet for six stored-product moth species

Development time (days)

Ratio” Source

Species minimum maximum
Temperature®
C. cephalonica 36.6 483.0 13.2 Cox et al. (1981)
E. calidella 27.9 144.7 5.2 Cox (1974)
E. cautella 323 161.5 5.0 Burges & Haskins (1965); Tuli et al.
(1966); Tzvetkow & Latif (1987)
E. figulilella 459 170.8 3.7 Cox (1974)
E. kuehniella 36.4 108.7 3.0 Siddiqui & Barlow (1973)
P. interpunctella 349 233.2 6.7 Savov (1973)
Relative humidity
E. cautella 35.5 82.0 2.3 Imura (1981)
E. kuehniella 42.1 933 22 Imura (1981)
P. interpunctella 29.2 70.5 2.4 Imura (1981)
Diet

C. cephalonica 37.6 56.3 1.5 Mbata (1989)
E. cautella 22.0 61.0 2.8 Bhattacharya et al. (1976)
E. cautella 32,0 413 1.3 Rathore et al. (1980)
E. cautella® 40.7 87.0 2.1 Nawrot (1979b)
P. interpuncrella 38.0 65.9 1.7 Williams (1964)
P. interpunctella 354 459 1.3 Abdel-Rahman et al. (1968)

* Maximum development time / minimum development time.

" Minimum development time was calculated from equation (2) in text and parameter estimates are given
in Table 2. Maximum development time was calculated at 15°C using equation (1) in text and parameter
estimates are given in Table 1.

¢ Larval development time only.

equation (1) between 18 and 35°C (Fig. 4). Only 5 out of 39 development times (12.8%)
varied by > 10 days from model predictions. Of the remaining 34 development times, 25
varied by < 3 days, and 9 varied between 4 and 10 days.

DISCUSSION

The nonlinear relation between egg-to-adult development time and temperature at
60-80% RH for the six moth species was adequately described by equation (1). The
magnitude of differences in development times among species was 1.4, 1.9, 1.6 and
1.9-fold at 20, 25, 30 and 35°C, respectively. The development times predicted by equa-
tion (1) for the six species averaged 83.2, 46.4, 36.7 and 46.1 days at 20, 25, 30 and 35°C,
respectively. Predicted development times of E. figulilella were longer than average at all
temperatures. E. cautella and C. cephalonica developed more rapidly than the other
species at 35°C. At 25 and 30°C, E. calidella developed more rapidly than the other
species. Differences in development times among the species were smaller at cooler tem-
peratures than at warmer temperatures.
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Fig. 4. Departure of independent mean egg-to-adult development times (n = 39) from development
times predicted by equation (1) for six stored-product moth species.

Differences in egg-to-adult development times for the moth species among relative
humidities (2.2 to 2.4-fold) and diets (1.3 to 2.8-fold) were smaller than those due to tem-
peratures (3.0 to 13.2-fold). This indicated that temperature had the greatest influence on
development times, followed by relative humidity, and diet. Similar results were reported
for several species of stored-product beetles (Hagstrum & Milliken, 1988).

Temperature-dependent development of E. cautella was faster at > 60% RH, and on
wheat or wheat-based diets. For E. cautella, differences in development time among humi-
dities were consistent across temperatures (Fig. 2). This view is indirectly supported by
the fact that the estimated T___was similar at 10, 20, 40, 60, 85, and 95% RH. Therefore,
the 4.1-day decrease in development time at T, for every 10% increase in relative humid-
ity (equation 3) is also applicable to other temperatures. Differences in development time
with humidity are attributable to differences only in larval development time, because hu-
midity has no significant effect on development of eggs or pupae of stored-product moths
(Imura, 1981; Mbata, 1989). Humidity directly affects metabolism (e.g. respiration) of ac-
tively feeding larvae, and indirectly affects the palatability or physical condition of the
diet by altering the diet moisture content. Development of E. kuehniella was faster on
wheat flour than on white flour (Fig. 3). However, unlike E. cautella, differences in devel-
opment time between the diets were consistent across temperatures. Because data were
derived from two independent studies for comparing development on different diets, it is
plausible that differences observed here, in part, may be attributable to variation in devel-
opment between insect strains.

T, .. for the six species ranged between 29.1 and 32.4°C, and T, between 9.5 and

max

15.4°C. Howe (1965) reported 28-32°C as the optimum temperature range for egg-to-adult
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development and population increase of C. cephalonica, E. cautella, and P. interpunctellu.
Our estimated T, for these species was well within this temperature range. For E. cali-
della and E. kuehniella, Howe (1965) reported 25-29°C and 24-27°C, respectively, as the
optimum temperature range. Our estimated T, for these two species was above the upper
limit of Howe’s temperature ranges. T, for the moth species was 4-6°C lower than T
estimates for six species of beetles (Subramanyam et al., 1991). Except for E. kuehniella,
T, estimates for C. cephalonica, E. cautella, P. interpunctella, and E. calidella were re-
spectively 3, 5, 3, and 2°C lower than those reported by Howe (1965). For E. kuehniella
the minimum temperature reported by Howe (1965) was similar to T (10°C). Our T
values were lower than Howe’s (1965) because T, in our study was estimated by ex-
trapolating the regression line to the x-axis whereas his were based on data derived by re-
aring insects at constant temperatures. T . estimates for the six moth species were
generally 2-4°C lower than those for the beetles (Subramanyam et al., 1991).

For stored-product insects, egg-to-adult development time changes with temperature
(Fig. 1). However, the percentage of time spent in the egg, larval, and pupal stages is gen-
erally similar across temperatures (Hagstrum & Milliken, 1988; Subramanyam & Hag-
strum, 1991). Therefore, time spent in egg, larval, and pupal stages for the six moth
species at any temperature can be calculated from the percentage of time spent in the im-
mature stages (Table 4), and from parameter estimates for equation (1) given in Table 1.
Averaged across the six moth species, about 8%, 77%, and 15% of the total development
time was spent in egg, larval, and pupal stages, respectively. In contrast, averaged across
six species of beetles (Hagstrum & Milliken, 1988), about 15%, 66%, and 19% of total
development time was spent in egg, larval, and pupal stages, respectively.

There are noteworthy differences in the predicted egg-to-adult development times be-
tween moths and beetles (Hagstrum & Milliken, 1988). Average development times of the
six moth species were longer than those for beetles at 20 (83.2 vs 67.2 days), 25 (46.4 vs
40.0 days), 30 (36.7 vs 27.1 days), and 35°C (46.1 vs 22.9). Moths and beetles have simi-
lar assimilation efficiencies (Demianyk & Sinha, 1988). Therefore, this longer develop-
ment time is a consequence, in part, of moth larvae acquiring food for producing eggs in
contrast to beetle adults acquiring food for producing eggs. Hence, much of the increase in
development time of moths compared with beetles is in the feeding larval stage. The
greater developmental time required for moths compared with beetles is also reflected in
more degree-days (DD) required for completing development [436-758 DD for moths and
273-686 DD for beetles (Subramanyam et al., 1991)]. This difference is not attributable to
differences in T, , because T, estimates for moths and beetles (see Subramanyam et al.,
1991) are similar.

max

min

min

CONCLUSIONS

Fitting linear and nonlinear regression models to the temperature-dependent egg-to-
adult development data of six stored-product moth species allowed us to quantity the ef-
fects of temperature, relative humidity, and diet on development times. These models were
also useful in comparing differences in development times, and temperature thresholds
(e.g. T, & T,.) among the species. Comparison of model predictions with independent

data, and a quantitative reanalysis of published data on the response of these six moth
species to different environmental conditions, indicated that temperature greatly
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influenced development times, followed by relative humidity, and diet. Differences among
the six species in the temperature-dependent development at 60-80% RH on optimal diets
were smaller at cooler temperatures than at warmer temperatures. The development time
differences among the six species, in part, could be due to strain differences, because dif-
ferent strains of an insect species have different development times at the same tempera-
ture (Campbell et al., 1974). However, lack of significant differences between the three
studies for E. cautella indicates that the effect of strain and study methods on development
times may be small. The small effect of diet, humidity, strain and study methods in con-
trast to the large effect of temperature indicates that regression models may be useful in
predicting development times of these moth species in many storage environments. The
three cases in which data are available over the full temperature range for more than one
humidity or diet indicate that these factors simply shift the temperature-dependent devel-
opment curve up or down on that axis. Data collected at two or three temperatures at a dif-
ferent humidity or on a new diet would be sufficient to establish the magnitude of this
shift. These regression models, therefore, can reduce the labor required to establish the
effects of different (new) environments on moth development. T . and T, estimates
could be used for calculating degree-days (see Subramanyam & Hagstrum, 1991; Subra-
manyam et al., 1991) to forecast egg-to-adult development of these six moth species in the
field.

The percentage of total development time spent in egg, larval, and pupal stages can be
used to predict the duration of each stage from total development time predicted by equa-
tion (1). In addition, the effect of change in environmental conditions on the change in
duration of immature stages can be predicted similarly.

The quantitative analyses presented in this paper shows the magnitude of differences in
development times of six stored-product moth species attributable to temperature, relative
humidity, and diet. The analyses (models) and summaries presented here should make de-
velopment data of these moths more readily available and useful to researchers. In con-
junction with age-specific fecundity and adult longevity data collected at various
temperatures, relative humiditics, and on different diets, these development models will be
valuable in predicting population trends of the six moth species in many storage
environments.

ACKNOWLEDGEMENTS. Thanks to Barry Dover, Paul Weston, and Bill Miller for critically reviewing the
manuscript. This paper is Contribution 19,617, Agricultural Experiment Station, University of Minnesota,
St. Paul, Minnesota, USA.

REFERENCES

ABDEL-RanMAN H.A. 1971: Some factors influencing the abundance of the Indian meal moth, Plodia
interpunctella Hb., on stored shelled corn. Bull. Soc. Entomol. Egypte 55: 321-330.

ABDEL-RanmMaN H.A ., Hopson A.C. & Christensen C.M. 1968: Development of Plodia interpunctella (Hb.)
(Lepidoptera, Phycitidae) on different varieties of corn at two levels of moisture. J. Stored Prod. Res. 4:
127-133.

Anmap T. 1936: The influence of ecological factors on the Mediterranean flour moth, Ephestia kuehniella
and its parasite, Nemeritis canescens. J. Anim. Ecol. 5: 67-93.

BeLL C.H. 1975: Effects of temperature and humidity on development of four pyralid moth pests of stored
products. J. Stored Prod. Res. 11: 167-175.

BuarracHARYA A.K., CHAUDHARY R.R.P. & RaTHORE R.R.S. 1976: Susceptibility of several varieties of
soybean to Ephestia cautella (Walker) (Lepidoptera: Phycitidae). J. Stored Prod. Res. 12: 143-148.

62



BriNpLEY T.A. 1930: The growth and development of Ephestia kuehniella Zeller (Lepidoptera) and Tribo-
lium confusum DuVal (Coleoptera) under controlled conditions of temperature and relative humidity.
Ann. Entomol. Soc. Am. 23: 741-757.

Burces H.D. & Haskins K.P.F. 1965: Life-cycle of the tropical warehouse moth, Cadra cautella (Wlk.), at
controlled temperatures and humidites. Bull. Entomol. Res. 55: 775-789.

CampsiLL A., FrRazer B.D., GILBERT N., GUTTIERREZ A. P. & Mackauer M. 1974: Temperature requirements
of some aphids and their parasites. J. Appl. Ecol. 11: 431-438.

Cox P.D. 1974: The influence of temperature and humidity on the life-cycles of Ephestia figulilella Greg-
son and Ephestia calidella (Guenée) (Lepidoptera: Phycitidae). J. Stored Prod. Res. 10: 45-55.

Cox P.D., Crawrorp L.A., GiesTRUD G., BELL C.H. & BowLEY C.R. 1981: The influence of temperature and
humidity on the life-cycle of Corcyra cephalonica (Stainton) (Lepidoptera: Pyralidae). Bull. Entomol.
Res. 71: 171-181.

Demianyk C.J. & Sinua R.N. 1988: Bioenergetics of the larger grain borer, Prostephanus truncatus (Horn)
(Coleoptera: Bostrichidae), feeding on corn. Ann. Entomol. Soc. Am. 81: 449-459.

Dononok H.C., SimMons P., Barnes D.F., KaLoostian G.H., Fisuer C. K. & HenricH C. 1949: Biology of
the raisin moth. USDA Tech. Bull. No. 994, 23 pp.

DrAPER N.R. & Smith H. 1981: Applied Regression Analysis. 2™ Ed. John Wiley, New York, 699 pp.

Hagstrum D.W. & MiLLIKEN G.A. 1988: Quantitative analysis of temperature, moisture, and diet factors
affecting insect development. Ann. Entomol. Soc. Am. 81: 539-546.

HacstrRum D.W. & THronNE J.E. 1989: Predictability of stored-wheat insect population trends from life his-
tory traits. Environ. Entomol. 18: 660-664.

Howe R.W. 1965: A summary of estimates of optimal and minimal conditions for population increase of
some stored products insects. J. Stored Prod. Res. 1: 177-184.

Imura O. 1981: Effect of relative humidity on the development and oviposition of four phycitid moth
pests associated with stored products. Report Natl. Food Res. Inst. 38: 106-114.

Jacos T.A. & Cox P.D. 1977: The influence of temperature and humidity on the life-cycle of Ephestia
kuehniella Zeller (Lepidoptera: Pyralidae). J. Stored Prod. Res. 13: 107-118.

MsaTta G.N. 1989: Studies on some aspects of the biology of Corcyra cephalonica (Stainton)
(Lepidoptera: Galleridae). J. Stored Prod. Res. 25: 181-186.

Msata G.N. & Osust F.N. 1983: Some aspects of the biology of Plodia interpunctella (Hiibner)
(Lepidoptera: Pyralidae), a pest of stored groundnuts in Nigeria. J. Stored Prod. Res. 19: 141-151.

Nawrot J. 1979a: Effect of temperature and relative humidity on population parameters for almond moth
(Cadra cautella Wik.) (Lepid. Phycitidae). Pr. Nauk. Inst. Ochr. Rosl. (Poznar) 21: 41-51.

Nawror J. 1979b: Population parameters for almond moth (Cadra cautella Wik.) (Lepidoptera: Phyciti-
dae) reared on natural products. Pr. Nauk. Inst. Ochr. Rosl. (Poznar) 21: 53-59.

Preverr P.F. 1968: Some laboratory observations on the life-cycle of Cadra calidella (Guen.)
(Lepidoptera: Phycitidae). J. Stored Prod. Res. 4: 233-238.

OsmaNN.B., WriGHT V.F. & MiLLs R.B. 1984: The effects of rearing temperatures on certain aspects of the
biology of Corcyra cephalonica (Stainton), the rice moth. Proc. 3rd Intl. Wkg. Conf. Stored Prod. Prot.,
Manhattan, Kansas, USA. Kansas State University, Manhattan, pp. 99-106.

RauMaAN M. & Janan M.S. 1979: Effect of temperature on the development of Corcyra cephalonica Stain-
ton (Lepidoptera: Pyralidae). Bangladesh J. Zool. 7: 95-99.

RaTHORE V.S, BHATTACHARYA A K. & Sacuan G.C. 1980: Use of concept of distance and group constella-
tion for classifying the susceptibility of sorghum varieties to Ephestia cautella (Walker). J. Stored Prod.
Res. 16:39-42,

SAS INsTITUTE INc. 1988: SAS/STAT user’s guide. Release 6.03 Ed. SAS Institute Inc., North Carolina,
1028 pp.

Savov D. 1973: Development of Plodia interpunctella HB. (Lepidoptera, Pyralidae) in the optimum tem-
perature range. Hortic. Vitic. Sci. 10: 33-40.

Suazant M.EE.-H. & Smiti R.H. 1986: Life history studies of externally feeding pests of stored sorghum:
Corcyra cephalonica (Staint.) and Tribolium castaneum (Hbst.). J. Stored Prod. Res. 22: 55-61.

Sippiut W.H. & BarLow C.A. 1973: Population growth of Anagasta kuehniella (Lepidoptera: Pyralidae)
at constant and alternating temperatures. Ann. Entomol. Soc. Am. 66: 579-585.

63



STinNeR R.E., GurTiERREZ A.P. & ButLer JR. G.D. 1974: An algorithm for temperature-dependent growth
rate simulation. Can. Entomol. 106: 519-524.

SusraMANYAM BH. & HacstrRum D.W. 1991: Quantitative analysis of temperature, relative humidity. and
diet influencing development of the larger grain borer, Prostephanus truncatus (Horn) (Coleoptera: Bos-
trichidae). Tropical Pest Management 37: 195-202.

SUBRAMANYAM BH., HacsTRUM D.W. & HaremN P.K. 1991: Upper and lower temperature thresholds for de-
velopment of six stored-product beetles. Proc. 5th Intl. Wkg. Conf. Stored Prod. Prot., Bordeaux,
France. INRA, Paris, pp. 2029-2037.

TakaHasHI F. 1961: On the effect of population density on the power of reproduction of the almond moth,
Ephestia cautella. VII. The effect of larval density on the number of larval molts and the duration of
each larval instar. Jap. J. Appl. Entomol. Zool. 5: 185-190.

TuLi S., MOOKHERIEE P.B. & Suarma G.C. 1966: Effect of temperature and humidity on the fecundity and
development of Cadra cautella WIk. in wheat. Indian J. Entomol. 28: 305-317.

Tzvetkow D. & Latir M. 1987: Bioecological studies of Ephestia (Cadra) cautella Wik.; Lepidoptera: Py-
ralidae. Soil Sci. Agrochem. Plant Pror. 22: 102-107.

WaonNer T.L., Wu H-1,, Suarpe P.J.H., ScHooLFIELD R.M. & CouLson R.N. 1984: Modeling insect develop-
ment rates: a literature review and application of a biophysical model. Ann. Entomol. Soc. Am. 77:
208-225.

WiLLiams G.C. 1964: The life-history of the Indian-meal moth, Plodia interpunctella (Hiibner) (Lep.
Phycitidae) in a warehouse in Britain and on different foods. Ann. Appl. Biol. 53: 459-475.

Received March 31, 1992; accepted September 28, 1992

64



