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Abstract

Iifal'.a on the egg, larval, pupal, and egg to adult development for six species of stored-product Coleopiera reared
at vanous constant temperatures were analyzed o estimate the emperatures for maximum (U} and minimum (L)
developmental raes, Degree-days (DD) above L required for completing development were also estimated for the
different life-stages of cach insect species. Temperature thresholds and DD estimates varied among species, and
within a specics among life-stages. The upper and lower emperature threshold estimates could be used in the field,
under variable tlemperature regimes, for predicting development of the life-stages or seasonal phenology of the six
species. Forecasung development or seasonal phenology of the six species in the fizld is valuable for accurately
timing insect sampling programs and control wctics. The adoption of DD methods in integrated management
programs for siored-product insects, may depend on the accurate performance of these models in the ficld, and on the
availability of reliable methods for sampling various insect life-siages.

Introduction

The rate of development (1/developmental time) through most insect stages is nonlinear at low and high
temperatures, and linear at intermediate emperatures (Fig. 1), Several funcuions of tempemture have been developed
to describe the rme of development over the full range of physiologically viable iemperatures (Wagner er al., 1984,
Logan, 1988), Parameters of these equations are fit 1o developmental rate data obtained by rearing insects in the
laboratory at a senes of constant wemperatures,  Development models are then used in the field, under variable
ambicnt temperatures, for predicting specific phenclogical evemts in the insect's life-cycle, such as termination of
diapause, egg hatch, pupation, and adult emergence. Predicting the uming of these phenological events is important
for accurately scheduling census samples and control tactics (Wagner ef afl., 1934).
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Degree-day (DD) methods, which assume a linear relationship between developmental rawe and lemperature (Fig.
1, range A-B), have been used for predicting developmental tmes of various life-stages (Gicbink et al., 1985;
Hutchison et al., 1986; Ficlding and Ruesink, 1988), adult emergence (Rummel and Hatfield, 1988: Jones er al.,
1989: Sanderson ef al., 1989), and scasonal phenology (Eckenrode ef al., 1975; Riedl et al., 1976; chinc.llgsgj of
insect species infesting field and orchard crops. Calculation of a lower temperature threshold (L), below which
developmental rate is assumed zero, is essential for accumulating DD. Inclusion of an upper temperature threshold
(U}, where developmental rate is maximum, in computing DD improves the accuracy of estimates _l.fogIcy etal.,
1986}, because mortality of insects rapidly approaches 100% as temperaturcs increase above U (Stinner et al.,
1974). Assumptions and approximations behind the DD approach and methods for calculating DD from field
{ambicnt or in our case, grain) lemperatures were discussed by Pruess (1983) and Higley et al. _(1986). Higley et al.
{1986) have also presented a BASIC computer program (DEGDAY) for calculating DD by various methods using
field lemperatures,

There is extensive litcrature on the temperature-dependent development of stored-product Coleoplera (see
Hagstrum and Milliken, 1988; Kawamoto ef al., 1990; Subramanyam and Hagstrum, in press) and Lepidopiera (e.g.,
Burges and Haskins, 1965; Savov, 1973; Cox et al., 1981). However, only a few studies (Savov, 1973; Kawamolo
er al., 1990; Subramanyam and Hagstrum, in press), involving three species, reported estimates of U, L, or DD,

In this paper, we present estimates of U and L for egg, larval, pupal, and egg to adult development of six species
of stored-product Coleoptera. In addition, for the developmental stages of each species, we also estimated DD above
L required for completing development. Equations for estimating U, L, and DD and associated standard crrors (SE) are
given for the benefit of rescarchers interested in developing DD models for stored-product insect species not included
here. We realize, and emphasize, that the temperature thresholds and DD estimates have biological validity only if
they can satisfactorily predict insect development or phenology in the field. Hence, before widescale adoption, any
maxdel should be evaluated (validated) with independent field data.

Materials and Methods

Insect species and temperature-development data - Temperature thresholds and DD were estimated
for the following insect species: rusty grain beetle, Cryptolestes ferrugineus (Siephens); flat grain bectle,
Cryptolestes pusillus (Schoenherr); sawtoothed grain beetle, Oryzaephilus surinamensis (L.); lesser grain borer,
Rhyzopertha dominica (F.); red flour beetle, Tribolium castaneum (Herbst), and confused flour beetle, Tribolium
confusum (Jacquelin duVal). Data on the mean egg, larval, pupal, and egg to adult developmental times for the six
species reared on various diets at a series of constant temperatures were compiled by Hagstrum and Milliken (1988)
from published literawre. Data for eggs or pupae reared on diets of < 12% and > 12% moisture contents were
poaled, because diet moisture did not influence the emperature-dependent development of each of these stages
{Hagstrum and Milliken, 1988). Larval and egg 10 adult development of 0. surinamensis, C. ferrugineus, and
Tribolium spp. were significantly different at the two moisture levels (Hagstrum and Milliken, 1988). Therefore,
the development data at each moisture level for these two stages were analyzed separately. For some species,
especially at < 129 moisture content, there was limited or no information on the temperature-dependent development
of the larval and egg o adult stages.

Estimating [7 - U for the developmental stages of each species was estimated using the algorithm of Stinner
etal. (1974

Rr=A/[10+exp (Kl + [K2=T"})] (1)

where, Ry = developmental rate at temperature T (in °C); A = maximum Ry [1.0 + exp (K1 + [K2«U])]; U=
temperature where developmental rate is maximum; K1 and K2 are empirical constants, and T" =T for T< U, or T"
= (2U) - T for T > U. The parameters K1, K2, A, and U and associated SE were estimated using the derivative-free
(DUD) regression method (Ralston and Jennrich, 1978) of PROC NLIN procedure (SAS Institute, 1987). For the
developmental stages of some species (C. ferrugineus and B. dominica larval development, and C. ferrugineus and 0.
surinamensis egg o adult development on diets of < 12% moisture content), U was inaccurately determined because
the experimental iemperature range was not high enough to span U.

Estimating L - L for each species and developmental siage was estimated by fiiting a simple regression line
to developmental rates (Y) that were linearly related to emperatures (X) using the PROC REG procedure (SAS
Institute, 1987). The variation in developmental rates in the linear portion of the curve is less compared with the
variation in the nonlinear portions of the curve (Campbell ef al., 1974). However, there was considerable variation
in the developmental rates in the linear portion of the curve in our study, because data were derived from various
sources. Therefore, before filting a linear regression to the data, we used Cook's distance (which indicates the
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observation that did not conform to the linear model. The coefficient of determinati 2

ISEn 0 . nation (i
criterion, becanse d-ata_ can be manipulated to obtain a high g2 (Weisberg 1980). The rigm}s;:f: Tﬁ:uuﬂas i
extrapolated to the “X"-axis, and L and approximale SE for L (SE; ) were estimated (Campbell et al., 1974) as

L=(-I/s @

SEL=R/SYm+ [L-RY T - %71 @3

where, .I = :,r_-in:cm-,pt, 5 = slope, R = root mean square residual error, = number of "X"-"Y™ pairs used in the
regression (i.e., number of coharts), Xj = average lemperature expericnced by the it" cohort, and X = mean of all
temperatures.

Estimating DD from constant temperature-developmental rate data - DD (from time
i 5 J 8 » = 0) and
approximate SE for DD (SEp,) required for completin g egg, larval, pupal, and e2g o adult development were
estimated (Campbell er al., 1974) as follows: '
DD=1/§ {4)

SE,, = SE,/S2 (s)

where, SE; = standard error of the regression slope.
The 95% confidence intervals for wemperature thresholds and DD estimates have little statistical meaning,
becanse standard errors of these estimates are approximately determined (Campbell er al., 19743,

Estimating DD from field temperatures - Several tec hniques, ranging from simple 1o complex, exist
for computing DD from field empertures (see Higley er al., 1986). Some techniques estimate DD using only L,
and other techniques estimate DD using both U and L.

For example, DD for a given day (DD") is calculated as the difference between the average daily temperature (T;)
and lower temperature threshold (L), DD are computed by summing (T; - L) over successive increments of tme

(hours or days) as
DD" =3 (T,-L)ar  (6)

where, At is a day (¢ = 1}, half-day (t = (.5), or any suitable interval of time when temperatures were measured (eg.,
hourly [¢ = 0.042]); and T; is the average temperature during the time interval. Development is assumed 10 be

completed when DD = DD (Equation 4],

Results

Estimates of U for egg, larval, pupal, and egg to adult development when reared on diets of < 12% or > 12%
moisture content are summarized in Table 1. Estimates of U varied among species, and within a species among life-
stages. At> 12% moisture content, the maximum difference in U (highest U - lowest U) among the specics for
egg, larval, pupal, and egg to adult development was 8.4, 4.5, 4.1, and 2.8 “C, respectively. Except for T,
castaneum, U estimates for larval development of C. ferrugineus and egg o adult development of C. ferrugineus, R.
dominica, T. confusum, and T. castanewm were higher when reared on diets of < 12% than on dicts of > 12%
moisture content. In general, C. ferrugineus had the highest U for all developmental sta pes compared with the other
species. T. castaneum had the second highest U for development of eggs, larvae, and pupae compared with the
remaining four species. Estimates of U for development of the immature stages of C. pusillus were similar, For all
species, estimates of U among different life-stages did not follow any rend. However, U estimates were higher for
insects reared on diets of < 12% than on diets of > 12% moisture. _

Estimates of L for various life-stages of each species are summarized in Table 2. L varied among the specics.
Except for C. ferrugineus, L was different for different developmental stages of a species. Difference between the
lowest and highest L among species for the egg, larval, pupal, and egg 1o adult development was 6.1, 7.7, 4.7, and
9.5 «C, respectively. Except for Q. surinamensis, L for the larval development of C, ferrugineus, and cgg to adult
development of C. ferrugineus and Tribolium spp. was lower when insects were reared on diets of <12% than on
diets of > 12% moisture. In general, for each developmental stage, estimates of L were highest for Tribolium spp.
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and R. dominica, lowest for . surinamensis, and intermediate for Cryptolestes spp. Across all species and stages, L
was higher for egg and pupal development than for larval and e£g o adult development.

DD above L required for completing development varied among species, and within a species among the life-
stages. Differences in DD among species and slages is a consequence of unequal L. Based on DD, the immature
stages of cach species, with the exception of R, dominica, can be amanged in the following descending order: larva >
pupa > egg. Larval stages of C. ferrugineus and Tribolium spp., reared on diets of < 12% moisture required about
two umeg more DD o complete -:lgvelupmcm compared with insects reared on diets of > 125, moisture. About two

Discussion, Conclusions, and Recommendations

Differences in temperature thresholds among species and stages are attributable w differences in enzyme-catalyzed
reacuon rales regulating growth, and influence of temperature on these rates (Higley er al., 1986). Temperatre
thresholds vary among insect life-stages (Sanborm er al., 1982; Giebink et al., 1985}, and within a life-stage among
different instars (Hutchison et al., 1986). This suggests that temperature thresholds are dynamic and change with
insect age (Howe, 1957),

Within a species, developmental thresholds also vary among populations occupying different geographical
regions (Campbell es al., 1974). Because lemperature-dependent developmental rate data in our study were derived
from various sources, the thresholds calculated for the specics are representative of different populations, and of
populations reared on different diets. Therefore, these thresholds may be applicable in calculating DD for predicting
development of the six species in various stored-commodities,

Howe (1965) reported that the minimum temperature for epidemic increases of the six species studied here was
between 21 and 23 «C. He stated that the lower temperature threshold for egg to adult development was 3-5 C below
this temperature range. Our estimates of L for ¢gg to adult development of Tribolium spp, were within the 3.5 ¢
range below 21-23 =C, However, for the remaining species estimates of L for the same development were about §-
12 °C below the 21-23 °C mnge. Our estimates were lower than those suggested by Howe (1965), because L in our
study was estimated by extrapolating developmental rate curve to the "X -axis.

L for insects reared on diets of < 129 moisture were lower than those reared on dies of > 12% moisture
content. L and DD are negatively correlated (Campbell er al., 1974). Therefore, according to Equation 6,
developmental stages that have very low L require more DD 1o complete development, Hagstrum and Milliken
(1988) reporied that low moisture of diet prolonged larval development of these six spegies. Low moisture content
of dict may have affecied the rate of feeding of larvae or efliciency with which larvae can assimilate and convert their
dict into biomass (Hagstrum and Milliken, 1988). Estimates of U for cgp o adult development of Tribolium spp..
R. dominica, and 0. surinamensis fell in the opLimum temperature ranges reporied for these species by Howe (1965),
However, estimates of U for Cryprolestes 5pp. were higher than those reported by Howe (19635).

If lower or upper thresholds for different siages of a species are approximately similar, then a single value can be
used in DD calculations (Welch er al., 19813, However, one should be aware of the assumptions and limitations of
DD models. DD models may work well in predicting development of the six species studied here, because
development of these species is dependent on temperature 10 a greater extent than moisture or nutritional quality of
diet (Hagstrum and Milliken, 1988),

DD models may work well in areas where the field temperatures do not fall below L or exceed above U,
However, DD models may overestimate development if some undelectable development occurs below or close to L.
Nevertheless, depending on daily and seasonal changes in lemperature in a given region, DD models could mawe
accurately predict development than the complex nonlinear models, Hochberg et al. (1986) found that DD models
were more accurate than nonlinear models in predicting development of the pea aphid and alfalfa aphid in the field,

Inclusion of U in DD calculations may improve the accuracy of estimates. However, if lemperatures in the fcld
fuctuate about U, DD methods may underestimate development, because temperature fluctuations about U increase
developmental rate of insects (Hagstrum and Leach, 1973; Walker e al., 1988). Therefore, J'.nl:]u};iurlt or éxclusion of
an upper cut-off point in computing DD must be based on the relative accuracy that can be achieved in predictions.

When predicting development of stored-product insects in the field, it is important to measure temperature
experienced by insects, such as the grain temperature instead of the ambient temperature, The simplcgt approach is
o measure average lemperature per day based on the minimum and rqnximum grain iemperatures ([minimum +
maximum]/2}). Because emperature of stored-commodities (e.2., grain) fluctuate very litle with respect to daily
changes in ambient temperature (Longstaff and Banks, 1987), the magnitude of errors when computing DD from
grain lemperatures will be minimal.
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Seasonal phenclogy of insect pests can be also expressed on a DD scale by relating catch of insects ’:E-E-+ adulls
in probe traps, sticky traps, or grain samples) o DD ::cmpulcd_usmg cstimates of L and_Ll for the egg to adult
development. Mumber of insects caught on cach sampling date is cxgrcsm:d as a cum ulative pEI'L‘:E,nLEIl.gc_Dfﬂ'Ipc total
cawch. Plonting cumulative percentage of catch ("Y") on DD ("X") yields a sigmoidal curve, which is lincarized by
transforming percentage of catch to probit scale, and DD 1o log scale. From this linear curve, DD required for a fixed
percentage of catch (usually 50%) of a species trapped in different i:}caunnslcan be cnmpdrcd This mcu?ud can he
used to compare dates for 0% catch based on DD with calender dates (Levine 19391: Critical phenological events,
such as peak egg haich, emergence, and oviposition identified on a DD scale (e.g., Riedl et al., 1976) could be used
to accurately ume insect sampling programs and control actics. )

In describing seasonal phenology, the date of first catch (e.g., Jones et al., 1989) is normally used as a starting
point for accumulating DD. This procedure was applied to insect species (e.g., onion maggots and codling moth)
that have two to three generations during a growing scason (Eckenrode et al., 1975, Riedl er al., 1976). A similar
procedure was employed to describe the adult emergence of apple maggots (Jones et al., 1989) and navel orangeworm
(Sanderson e al., 1989), and egg hatch (larval emergence) of the eodling moth (Ricdl et al., 1976). Herms er al,
(1990} used this procedure to compare the relative efficiencies of two sampling methods in describing the seasonal
phenology of five species of phytophagous Hemiptera infesting mature honeylocust,

DD methods can be used for predicting insect phenological events that have occurred in the past, and for
forecasting future events. In addition, demographic siatistics such as age-specific fecundity and survival could be also
expressed on a DD scale (Elliow er al., 1988). However, the performance of DD models in predicting phenological
events must be tested in the ficld, i.e., predicted and observed cvents must be compared. An indifference band method
(Welch et al., 1981) could be used 1o determine DD model failure rate in the field. DD models are suitable for use in
the field, if phenological events can be predicted within 10-15% of the observed events,

This paper and a paper by Subramanyam and Hagstrum (in press) presented U and L estimates for a total of
seven species of slored-product beetles. These estimates could be used in developing DD models for the seven
species. However, the use of DD methods in integrated management programs for stored-product insects will depend
on the accurate performance of models in the field, and on the availability of reliable methods for detecting and
estimating various insect life-stages.
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