Forum

Influence of Temperature Variations on Rate of Developmént
‘in Insects: Analysis of Case Studies from Entomological

~ Literature

SHU-SHENG LIU, GUANG-MEI ZHANG, AND JUN ZHU!

Department of Plant Protection, Zhejiang Agricultural University, Hangzhou 310029, People’s Republic of China

Ann. Entomol. Soc. Am. 88(2): 107-119 (1995)
ABSTRACT Case studies on development-time data collected at constant and varying tem-
peratures in a number of insects have been analyzed in a comparative manner to investigate
the effects of temperature variations on rate of development. Sources of experimental errors.
are many and are not always adequately controlled. For statistical analysis, the more common
problems include the assumption of a linear relationship between temperature and develop-
ment rate over the whole temperature range and extrapolation or subjective vertical cutoff of
the rate function in rate summation for varying temperatures. Development-time data of 26
species were selected for the analysis. For each species, the expected development time under
each varying temperature regime was estimated by integrating constant temperature devel-
opment rates over the 24-h varying temperature cycle. These estimates were then compared
with the development times observed under the corresponding varying temperature regimes,
and the significance of the differences was evaluated. The results as a whole suggest that the
differences in development times between constant and varying temperatures could usually
be accounted for by the effect of rate summation based on the curvilinear relationship between
temperature and rate of development. The possible physiological mechanisms that act in ad-
dition to the rate-summation effect are briefly discussed. Finally, the need for more extensive

and detailed investigations in this area of study is indicated.

THE RATES OF development in insects under nat-
ural conditions are largely determined by temper-
ature. In most microenvironments, temperature is
characterized by daily and seasonal cyclic varia-
tions with superimposed . irregular fluctuations.
However, studies of insect development rate most
often involve experiments performed under con-
stant temperatures (Howe 1967). In the develop-
ment and application of development-rate models,
it is always assumed that development rate at a
given temperature is independent of thermal re-
gime, whether the model is linear or nonlinear in
relatioh to temperature. This assumption is also in-
herent in efforts to derive development-rate mod-
els from data obtained under varying tempera-
tures, such as the work by Dallwitz & Higgins
(1978). According to this assumption, development
rate follows a definite function with respect to tem-
perature, when other factors are equal, and the

amount of development can be calculated by ac- -

cumulating the fraction of development per unit
time; i.e., rate summation (Kaufmann 1932). The
procedure may be expressed as:
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D= f AT()] de (1)

where development D is a function of tempera-
ture, T, which in turn is a function of time, ¢, and
the development rate, r; adjusts instantaneously to
temperature. _

The above assumption is fundamental to the for-
mulation of development-rate functions for phe-
nological models. Attempts to study the validity of
this assumption are numerous in entomological lit-
erature, and both positive and negative results
have been reported (Hagstrum & Hagstrum 1970,
Ratte 1984). In this article, we first offer a review
of the methodology in this area of study, which
points out that in many of the reports, investigative
shortcomings exist in experimentation or data anal-
ysis, or both, and, thus, the significance ‘of these
reports needs to be established.. We then use the
development-time data of 26 species selected fol-
lowing a literature search, avoid the pitfalls in
methods of data analysis, and carry out a compre-
hensive comparison of development times between
constant and varying temperatures in these spe-
cies. The objective is to determine whether there
is any evidence for a physiological response, in a
range of insects to varying temperatures, that acts
in addition to the rate-summation effect.
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Fig. 1.  Generalized functions of insect development
rate and mortality under: constant temperature.” -

Methodology

Effects of Varying Temperature.:In studies of
the effect of varying tempefatures on rate of de-
velopment, insects are reared at both constant and
varying temperature regimes and the development
rates at the two types ’o%rcgime are compared. The

_varying regimes have various patterns. In this ar--

ticle, the square-wave pattern, consisting of a low
and a high temperature with an abrupt transition
between the two in a 24-h period, is referred to as
alternating temperature. Smoothly changing, sine-
ccurved pattern, again with a 24-h cycle, is referred
to as fluctuating temperature. The term’ varying
temperature is used to encompass both alternating
*‘and ‘fluctuating temperatures.

It has long been recognized that development
times of insects may differ, often considerably, be-
tween constant and varying température regimes
with - the same mean temperature (Hagstrum &
- Hagstrum 1970). There are two possible mecha-
nisms. for the differences observed. The first is
nonlinearity in the temperature-dependent rate
function. The typical sigmoid curve relationship, as
depicted in Fig. 1, has the corollary that, when

temperatures fluctuate outside the middle (linear)
range, development will be faster at low temper-

atures and slower at high temperatures when com-
parisons between constant and varying tempera-
tures are made on the basis of daily mean

temperatures (Tanigoshi et al. 1976). This is the

consequence of the rate-summation effect, which
can be feasibly taken into account by equation .1
in phenological models (Kaufmann 1932, Worner
1992). The second is-that temperature variation
per se accelerates or decelerates development; that
_is, there is a physiological response that acts in ad-'
dition -to the rate-summation effect. Using the

’r,nathematic_al expression of equation 1, the second
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mechanism means that the instantaneous rate at a
given temperature is not independent of the tem-

- perature regime. If the second mechanism is op-

erating with strong effects, then the #(T) function
will vary withthe patterns of temperature variation
and the difficulty of predicting development under
natural conditions will be greatly increased. It is,
thus; important to distinguish between the two
mechanisms in studying the effects of varying tem-
peratures on rate of development. ,
Analyzing the Effects of Temperature Varia-
tions. Experimentation. The comparison of devel-
opment rates between constant and varying tem-
perature regimes demands that the development
times at both types of regimes have been deter-
mined with adequate accuracy. Many factors may
influence the experimental precision. In particular,
the following questions should be asked: Do the
test cohorts actually experience the temperatures

"a'ss'igned to them? Are the test cohorts sufficiently

homogeneous both within and between tempera-
ture treatments? Are the intervals of observation
sufficiently short, and the sample sizes sufficiently

large, for efficient ‘estimations of mean develop-
“ment time (Shaffer 1983)? Because the study of

any ‘insect “usually requires many “temperature
treatments across a time period, do all other influ-
encing factors, such as nutrition and humidity, re-

main sufficiently equal both between treatments
and across time? Howe (1967) offered a useful dis-
- cussion_of ‘these and- other factors. Experience

shows that it is very difficult in practice to exccute
the required control on all the factors throughout
the experiments, For instance, mean development
times between replicates of the same temperature
condition were observed to differ significantly or

-even obviously (Browning 1952, Butler 1966).

Development-Rate Curve Under Constant Tem-
perature. When the rates of development and per-
centage of mortality of one or more immature
stages of any species under a series of constant
temperatures are plotted against these tempera-
tures, a sigmoid curve for development rates and
a U-shaped curve for mortality usually can be
drawn, as shown in Fig. 1. For any species, there
are both low and high temperature limits permit-
ting complete development, which are designated
as t) and t4, respectively. For most species, ¢; and
t4 space over a range of some 23°C across the tem-
perature gradient between 5 and 40°C. Within the
limits of #; and t,, the temperature range can be
divided into the following three subranges: (1) £;—
t, development rate increases in an accelerating
manner and mortality decreases rapidly, as tem-
perature rises; (2) t5—f3, development rate increases
more or less linearly with temperature and reaches
its maximum at t5, and mortality rates are low and
remain stable with respect to temperature; and (3)
t3-14, development rate decreases with tempera-
ture, and mortality rate increases rapidly and ap-
proaches 100% at t,. o
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It is seldom possible to prescribe the number of
data points needed to derive the curve with the
requiired precision, either by eye or mathematical-
ly. Howe (1967) suggests that the data points need
to be spaced at temperature intervals of =2.5°C
for determining the position of the curve. For the
purposes. of this analysis, we used only data in

which temperaturékintervals_were -=3°C to derive .

rate functions. : »
~ Comparison of Development Rates Between
Constant and Varying Temperature Regimes. In
the literature, direct comparisons of mean devel-
opment times or rates have often been made be-
tween constant and varying temperature regimes,
which give the same mean daily temperatures
(Messenger 1969, Hagstrum & Hagstrum 1970,
Baker 1971, Hagstrum & Leach 1973, Yeargan
1980, Pak & Oatman 1982, Yeargan 1983). The
results from such comparisons may be helpful to
draw attention to the gross differences between
the two types of regimes in their effects on rate of
development.  However, this method - essentially
mixes up the the rate-summation effect and any
additional = physiological responses and; thus,
should be abandoned in attempts to clarify the
mechanisms of effects of varying temperatures on
rate of development (Howe 1967, Worner 1992).
As discussed above, if the development rate at
a given temperature is independent of thermal re-
gime, then the development at varying tempera-
ture regimes can be estimated by the method of
rate stmmation, as described in equation 1. In
practice, equation 1 is approximated by rate sum-
mation over discrete time increments of <1 d:

D=§dmnm (2)

where b and ¢ are the beginning and end of de-
velopment . duration under a  given varying
temperature regime. Thus, the fraction of devel-
opment during each time increment is estimated
by the constant’ temperature rate function, AT),

-_and is summed up from 0 to L. When D comes to
be <1 or >1, acceleration and deceleration of de-
velopment by a physiological response that acts in
addition to the rate-summation effect can be as-
sumed.

The rate summation procedure of equatién 2
has been used widely (Huffaker 1944, Messenger
& Flitters 1959, Eubank et al. 1973, Tanigoshi et
al. 1976, Liu & Hughes 1984, Liu & Meng 1989)
but has not always been executed with due caution.

If one accepts that temperature intervals of
<3°C are the minimum requirement of the num-
ber of data points for determining an accurate r(T)

_function at constant-temperatures, then many of
the (T) functions used for rate summation in the
literature do not meet this minimum requirement
over the whole or part of the temperature range
under investigation (Munger & Cressman: 1948,
Fye et al. 1969, Hagstrum & Milliken 1991).
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In other studies, extrapolations of r(T) have of-
ten been boldly made in rate summation with
equation 2. For example, in a study of develop-
ment rates of Tribolium castaneum (Herbst), Hags-
trum & Milliken (1991) conducted constant tem-
perature experiments in the range of 22:5-35.0°C
and then extrapolated the rate function to the
range of 17.5-40.0°C in rate summation for varying
temperature regimes. Similar exercises of -extrap-
olation can be found in Eubank et al. (1973),; Avilla
& Copland (1988), and Fielding & Ruesink (1988).
Estimations of development times with the aid of
extrapolation can be useful in evaluating the pre-
dictive validity of a particular rate function derived
from constant temperature data when used over a
wider temperature range under varying regimes
(see Hagstrum & Milliken 1991) but may offer
spurious results-if they -are used to discern the
mechanisms of temperature variations (Womer
1992). :
““'Some studies use varying temperature regimes
that include temperatures outside the low and high
limits for complete development at constant tem-
perature; i.e., t) and ¢, as defined in Fig. 1. In these
circumstances, some authors assign rate values to
the temperature extremes by extrapolation (Lin et
al. 1954); while others simply assume that no de-
velopment occurs outside the range of ¢,—¢; (Lud-
wig & Cable 1933; Harries 1943; Harries & Doug-
lass 1948; Messenger & Flitters 1958, 1959;
Yeargan 1980). This%atter assumption is again un-
jnstifgxed, because it has been ogservcd in-many
species that development can occur and accumu-
late under temperatures that fluctuate a few de-
grees <t; or >t4, although no individual can com-
plete its development when kept constantly at the
temperature extremes (Headlee 1941, Harris 1943,
Lin et al. 1954, Phelps & Burrows 1969, Luo & Li
1993, Morales-Ramos & Cate 1993).

As Howe (1967) has rightly pointed out, analysis
of the effect of temperature variations on rate of
development cannot be made unless the rate func-
tion for the constant temperatﬁre over the range
of the varying regimes has been determined as.
precisely as possible. Although this requirement
may be partially relaxed in studies where only se-
lected alternating regimes .are used for varving
temperature and the required values of (T) in rate
summation can be found directly from the-original
data points at constant temperatures (Harris &
Douglass 1948, Siddiqui & Barlow 1972, 1973;
Welbers 1975, Fielding & Ruesink 1988), it must
be observed that no extrapolation of ~(T) should
be allowed, and in any case the analysis must be
restricted to the temperature range of t,—; (see
Fig. 1).

There is one other problem associated with the
application of equation 2. It is difficult to assign
significance to the deviation of D from unity, be-
cause usually there are only few estimates of D for

‘the species and the experimental errors can be

substantial (see below). No statistical procedure
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has been proposed for this purpose and, as a result,
interpretations of the deviations have been made
subjectively (Messenger & Flitters 1959, Eubank
et al. 1973, Siddiqui & Barlow 1973, Tanigoshi et
al. 1976). Perhaps some statistical procedure may
be helpful when the data for large number of spe-
cies have. been appropriately grouped, as will be
shown in the following sections of this article.

Materials and Methods

Data Collection. Data used in.the current anal-
ysis were obtained from the published literature.
Original data on the aphid parasite, Diaeretiella ra-
pae (M’Intosh) (S.-S.L., unpublished data), were
also.used. Reports of studies of the effect of vary-
ing temperatures on rate of (‘levelopment are nu-
merous and >100 selected articles were carefully
examined in the literature search, but only a frac-
tion provide suitable data: The three major requi-
rements for inclusion of data into this analysis were
the  following: (1) individuals of a species were
reared at a series of constant temperatures and at
one or more varying regimes, and all temperatures
were accurately controlled within +0.5°C of the
assigned values with other conditions, such as rel-
ative humidity and nutrition, being the same at all
temperature treatments; (2) the intervals of obser-
vation were =1 SD of mean development time,
and the number of individuals that completed de-
velopment at a given temperature regime was =30,
so that the mean development time obtained is
reliable (Shaffer 1983); and (3) in cases where a
rate function for the constant temperatures is go-
ing to be derived mathematically with equation 3,
the intervals of the constant temperatures were
=3°C. In many reports, only the mean develop-
ment times, but no statistics of variability were pre-
sented. To judge the reliability of the mean values
in these reports, the regression equation SD =
0.209x%730 (Shaffer 1983) was used to estimate the
value of standard deviation, which was then com-
pared with the length of observation intervals. In
some other reports, only the median development
times were shown, median times are accepted in
the analysis when the intervals of observation were
<10% of the respective median values. In all, data
on 26 species in six families reported in 23 articles
have been selected (Table 1).

The data in many other reports, although ob-
tained and presented properly for their original
purposes, cannot be included in the current anal-
ysis. For example, many articles presented part or
all data graphically (e.g., Tanigoshi et al. 1976, Fan
et al. 1992), other studies used varying. tempera-
ture regimes other than a 24-h cycle (e.g., Ludwig
& Cable 1933, Mellors & Bassow 1983). It should
also be noted that in most of the 23 studies in-
cluded in Table 1, only part of the data from each
article was included in the analysis for reasons of

_data suitability. For example, in Messenger & Flit-
ters (1959), the embryonic development times of
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each of the three species of fruit flies (E, F, and
G) were measured at 14-18 varying: temperature
regimes, but only the data at 6-7 regimes were
suitable because other temperature regimes in-
cluded temperatures <t or >t; (see Fig. 1) or ex-
hibited =0.5°C differences between actual and as-
signed mean temperatures. '

Curve Fitting for Constant Temperature
Data. The nonlinear model developed by Sharpe
& DeMichele (1977) and modified by Schoolfield
et al. (1980) was chosen, because the model can
provide an excellent description of development
times over a full range of temperatures and can be
modified easily to describe times over a portion of
that range (Wagner et al. 1984). The model is ex-
pressed as:

r(T)=

RHO025

exp

T HA (1 1
208,15 '|L987\298.15 T

(3
HL (1 1) HH ( 1 1)]
1+expl—lm=— =0+ —| = -
11987\TL T 1.987\TH T)
where r(T) is mean development rate at tempera-
ture T(°K), and RH025, HA, TH, HH, TL, and HL
are fitted parameters. ' v

It has {Jeen shown recently by Kramer et al.
(1991) that in fitting nonlinear temperature-depen-
dent development models, parameters are evalu-
ated more satisfactorily in terms of the observed
time than in the modified form of rate. Thus, in
the process of parameter. evaluation, equation 3
was reparameterized as a time model by inverting
the equation on both sides.

A BASIC program, based on the Marquardt
techniques (Marquardt 1963), was developed to fit
the model to various data sets (Table 2). In some
cases, the article did not have a sufficient number
of data points required by the six-parameter mod-
el, equation 3 was:then modified by removing the
first exponential term in the denominator to the
form of a four-parameter model (Wagner et al.
1984).

In many studies with alternating temperature re-
gimes, the n{T) values needed for rate summation
can be found directly from the observed data un-
der constant temperatures (e.g., species A, C, and
H in Tableé 1), curve fitting for constant tempera-
tures is not required and the analysis can be made
even only a few data points are available for the
constant temperatures.

Simulation ‘of Fluctuating Temperatures. In
studies with fluctuating regimes, temperature
changes were usually programmed to a’ sine-wave
pattern. Thus, in the following calculations, tem-
peratures in ﬂuctuating regimes were-assumed-to
change sinusoidally over a diurnal range around
the mean temperature: )

T(t) = (Max — Min)/2 X sin(2mt/24)
+ (Max + Min)/2 @

exp
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Table 2. Estimates of parameters for equations describing relationship between temperature (K) and development

times for nine species of insects at constant temperatures

Relative

Code Species Stage ~ RHO025 ~HA TH HH TL HL n R2 - deviation (%)
: Mean £ SD

B T. castaneum Total 0.0404 . 48464 2996 49,415 6 09984 205 = 1.82
D A. quadrimaculatus 1L-P 0.2084 37,123 -298.0 45,516 7 00968 230 x 213
E C. capitata Egg 0.0210. 19,657  306.5 59,950 285.2 —64,401 17 (.9989 1.91 = 1.38
F . D.-cucurbitae Egg 0.0387. - 14,476 - 307.8 72.077 2857 —56,047 18 09993 2.00 £ 1.9
G D. dorsalis Egg 0.0378 1,573 3100 212,337  294.0 —40.869 16 0.9996 . 0.68 % 0.51
N L. erysimi Nvmph 02149 1544 3094 82697 2899  -35262 12 09994 154 x 188
(0] M. persicae N)*mph 0.2090 12965 3034 72545 2794 —46,016 11 0.9995 1.87 + 1.83
S T. pretiosum Total 01162 21,656 - 305.7 56,775 2859 —-338,465 10 0.9992 1.89 = 1.65
A% H. zea Egg 0.0142 18,245 3073 45,945 6 0.9998 0.42 x 0.29

Development times of C. capitata, D. cucurbitae, D. dorsalis, and H. zea are in hours, otherwise development times are in days,

a Deviation of the fitted curve from the observed values.

where T is temperature, t is the hour of day, and ‘

t/24 is the fractional part of the day, and Max and
Min are the maximum and minimum daily tem-
peratures. By definition (Max — Min)/2 is the am-
plitude of temperature change, while (Max +
Min)/2 is the daily mean temperature.
Calculating the Expected Development Times
at Varying Temperature Regimes. Because the
actual beginning and end of the development du-

ration at each varying regime could not be found

from the literature, equation 2 was modified to es-
timate the development rate per day, Dy,
24

Dy =D T dt

t=0

(5)

where t is the hour of the day and T(t) is the av-
erage temperature during that hour. The time in-
crements of 1 h for rate summation were chosen
by trial-and-error calculations, which showed that
1-h intervals gave estimates almost identical to
those obtained with shorter time intervals (Table
3). ‘

Calculations of Dy with equation 5 may differ in
the ways the r(T) values were derived. In 17 of the
26 species, r(T) values were obtained directly from
the development times observed at the respective
constant temperatures, and the calculations were
straightforward. For example, the eggs of Listron-
otus oregonensis (LeConte) (species A) hatched in
12.8 d at 18.3°C and in 4.8 d at 29.4°C and by
taking the reciprocals of development times, it was

assumed that the eggs completed 0.3255% of de-
velopment in 1 h at 18.3°C and 0.8681% in 1 h at
99.4°C. Thus, in 8 h at 18.3°C followed by 16 h at
29.4°C each day, the percentage of development
per day Dy was calculated as Dy = 0.3255%*8 +
0.8681%*16 = 16.49%. In the remaining nine spe-
cies, r(T) values were taken from the fitted curves
for the constant temperatures (Table 2) and the
rate summations were done with the aid of com-
puter.

Once Dy is obtained, the expected mean devel-
opment time, D(V), is calculated as:

D.(V) = 1Dy (6)

Comparison of Observed with Estimated De-
velopment Times. For each varying temperature
regime, the deviation of D.(V) from the observed
mean development time, D,(V), is calculated as:

d = [D(VYD,(V) — 1] X 100 (7)

where d is the percentage of deviation for which
positive value indicates acceleration, while nega-
tive value indicates deceleration. If the develop-
ment at varying temperatures can be accounted for
by the rate-summation effect, the percentage of
deviations should approach a normal distribution
with a mean of zero when the number of tests (i.e.,
sample size) is sufficiently large. Thus, the Stu-
dent’s ¢-test is used to test the significance,

t = (d — 0)/SE(d) = d/SE(d)

(8)

Table 3. Comparison of development times at varying temperature regimes calculated by rate summation with

_ various lengths of time intervals from 0.5 to 2.0 h

<

Range of percent deviation?

: ‘ Tem - e T S
Species Stage range,%“ Amplitude, £5°C- Amplitude, =10°C
1.0-05h 2.0-05h 1.0-05h 2.0-0.5 h
D. cucurbitae Egg 12-36 -0.2-0.2 -0.9-0.3 -0.4-0.1 ~1.7-0.3
L. erysimi Nymph 8-35 -0.1-0.1 - ~0.6-0.5 -0.3-0.0 ~1.6-0.0

¢ Temperature range indicates the limits for minimum and maximum temperatures, so the ranges of daily mean temperatures are

in much narrower ranges.

b Because the shorter the time intervals used in the rate summation, the more accurate the results, the development times obtained
with 0.5-h intervals are always used as the standard value to calculate deviations. .
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Fig. 2. Percent deviation of development times at
constint temperatures from those at varying tempera-
tures with the sime mean. Depicted are the combined
- data for species E, F, and:G (0) and the combined data
of species N and ‘O (®), respectively. The five species
were chosen because their development times were mea-
sured in detail at constant and varying témperatures. The
combinations of different species were permitted by the
similar performances of species. in-each group:

when || > t445 the deviation is significant. This
significance test was first applied to the whole set
of data of 26 specics., to data of single species, and
then to subscts of data grouped by insect taxa, by
temperature ranges, and by types and amp]itudc
of temperature variations to further test the effects
of these factors.

Results

Whole Set of Data. The whole set of data in-
cludes 140 mean or median‘values of development
times obtained at varying temperature regimes in
26 species (Table 1). When the development times
between constant and varying - temperature  re-
gimes are compared on the basis of mean temper-
atures, jt is apparent that development at varying
regimes is faster at low temperatures but slower at
high temperatures, as is shown by the data in a few
representative species depicted in. Fig. 2. As dis-
cussed above, such a trend of difference along the

temperature gradient may be expected from the .

rate-summation - effect. The immediate query is
whether the rate-summation effect accounts for all
the differences or a possible physiological mecha-
nism may act additionally.

Parameters of Constant Temperature Rate
Function. Table 2 presents the least-square esti-

mates of parameters of equation 3 for the nine

species in which the fitted 1(T) curves were used
in the rate summation. The goodness-of-fit of the
model to the data in each species is shown by its
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coefficient of determination, R2, and by the rela-
tive deviations of the model values from the ob-

“served development times. It can be seen that in

every species the model fits the data very well.

Significance Test for the Whole Set of Data.
By using equations 5,:6, and 7, the percentage of
deviation, d, was calculated for each of the 140’
varying temperature regimes: The results are pre-
sented graphically in Figs. 3 and 4.

In 23 of the 26 species, deviations of D,(V) from
D,(V) lie. mostly within 5% (Fig. 3). In species
C, D, and M, the deviations are usually much
greater (Fig. 4). However, in species C, the posi-
tive and negative deviations were reported. sepa-
rately by two groups of authors (Table 1). In spe-
cies D, both positive and negative deviations are
commonly ekhibited by pairs of similar varying
temperature regimes, indicating that the - experi-
mental errors were substantial. Such large experi-
mental errors were also exhibited in data for some
other species. For example, in-species F, varying
temperature regimes with a mean of =15°C and
an-amplitude of 3-6°C resulted in- deviations from
~18 to +11% (Fig. 3). ,

When the data for the 26 species were com-
bined, the mean deviation, d, was significantly
higher than zero. However, d became insignificant
when the data of species M were excluded (Table
4). S
Significance Test for Single Species. Signifi-
cance test of the mean deviation, d, was applied to
each of the 10 species in which five or more values
for d were obtained for a single stage (Table 1). In
3 of the 10 species, the deviations are significant.
However, the significance for species C must be
accepted with caution, because the deviations ob-
tained ‘by another researcher were contradictory
(Table 1).

Significance Test for Different Taxa. To reveal
the possible differences between insect taxa, the”
data were divided by orders of insects and the sig-
nificance test was applied to the subsets of data in
each order. In five of the six orders, the deviations
are not significant. In Homoptera, dis significantly

‘higher than zero, and this remains true even when

the data of species M are excluded (Table 4).
Significance Test for Temperature Ranges.
Because insect species may differ greatly in their
requirements of temperatures favorable for devel-
opment (Ratte 1984), the effects of temperature
ranges can probably be demonstrated best in terms
of their favorableness to development in each spe-
cies rather than by the actual values of tempera-

ture. For the purpose of this analysis, the temper-

ature range of ¢, is divided into three subranges,
as shown in Fig. 1. When a sufficient number of
constant temperature treatments have been con-
ducted, the temperatures of ¢, and ¢, can be spot-
ted from the original data. For example, from data
by Messenger & Flitters (1958), the temperatures

_of t; and £, may be comfortably assumed to be 12.0
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Fig. 3. Percent deviations of predicted from observed mean development times at varying temperature regimes
as a function of temperature in 23 species of insects. Each letter represents the result of one vitrying temperature
regime, and different letters represent different species as coded in Table 1. See text for description of method for

comparisomn.

and 35.5°C, 11.5 and 36.0°C; and 13.0'and 36.0°C
for species E, F, and G, respectively. Division of
t,~t, into subranges is more subjective. In this
analysis, the values of ¢, and t; in each species were
estimated as ty = ¢, + ¢, t; = tg —t;where t; =
(t4 - tl)/5 ’ &

Because determination of t; and t; requires
treatments over the whole range of temperature
permitting complete development under constant
conditions and especially treatments of narrow
temperature intervals around the limits, the deter-
mination coukd be done in only seven species in
two orders (Table 5). In each of the seven species,
the varying temperature regimes were grouped ac-
cording to their positions across the subranges into
three categories of t-t3, ty—t3, and to—t, (see Fig.
1). Because there were only fewer than four: trials -
for varying temperatures in each subrange of tem-
perature in each species, the data for all species in
each order were combined to test their signifi-
cance. ,

" The results in Table 5 show that in the four spe-
cies of Diptera, no significant effect was found for
temperaturevrzmges/. However, in the three species
of Homopte_ra, varying temperature regimes in the
range of ty¢,, i.e., including high temperatures
above t3, produced positive devia_tion, suggesting a

possible physiological response that acts in addi-
tion to the rate-summation effect to bring about
acceleration of development. ) :
Significance Test for Patterns of Temperature
Change. The whole data set was divided into sub-
sets by types and amplitude of temperat\’lre varia-
tions (Table 6). In this part of the analysis, the data
of both species C and M were excluded, because
the data for species C were contradictory between
the two reports and the data of species M showed
consistent accelerative effect by temperature vari-
ations: The results in Table 6 suggest that alter-
nating’ regimes with amplitude =5°C are. more
likely to produce a physiological response that acts
in addition to the rate-summation effect to bring
about acceleration of development. However, this

“indication of acceleration is partly overlapping with

effect of temperature range shown in Table 5, be-
cause this subset of data included seven of the
eight trials for Homoptera in the temperature
range of ty-t4.

Discussion

Development times between constant and

'var_ying temperatures with the same mean differ

in a general pattern (Fig. 2, see also Hagstrum
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& Milliken 1991). However, when the expected
dcvelopmcnt times at vurying temperumrcs were
calculated by rate summation. there were no
consistent and significant deviations of the esti-
mated from observed values except in rare cases.
In this study, great care has been taken to ensure
that the rates used in estimating the develop-
ment times at varyving temperatures were deter-
mined accurately at constant temperatures ‘or.
where a rate function is used, the function has
been determined as precisely as possible. As a

whole, the results suggest little evidence of phys-
iological mechinisms that act in addition to the
rate-summation effect. Influence of such physi-
ological mechanisms, if present, must be slight
and. thus; probably can be ignored in rate func- .
tions for phenological models in most cases, be-
cause the estimated development times were. in.’
general very close to the values observed at vary-
ing temperatures. This recommendation: seems
even more reasonable if one sees that develop-
ment of insects can also be significantly affected

Table 4. Percentage of deviations of predicted from observed development times at varying temperatures and

their statistical significance

% devidtions

Species No.

categony® species n d + SEM t H’
All species 26 140 1.7129 = 0.3600 3.039 <0.0035

Exclude M 25 114 0.8327 £ 0.6280 1.326 NS
Coleoptera 3 15 —2.5904 * 3.2735 -0.791 NS
Diptera 6 7 1.8430 = 1.2073 1.526 NS
Hemiptera 2 9 0.7633 + 0.4812 1.591 NS
Homoptera 4 49 41881 * 0.6104 6.861 <0.001
Exclude M 3 23 2.3008 + 0.8538 2.659 <0.03
Hymenoptera 4 8 0.6934 + 0.3562 1.246 NS
Lepidoptera 7 22 0.0108 +.0.6674 0.016 NS

@ Single capital letters are codes of species listed in Table 1.
5'NS, not significant.
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Table 5. Percentage of deviations of predicted from observed development times within different temperature

ranges at varying temperatures in seven species of insects

% deviations

. No. Tem
Species category? . ) -
: species range’ n 4 + SEM ! P

Diptera: E, F, G, H 4 ti—t3 - 13 —1.1508 * 2.0983 0.548 NS
to-ts3 9 20110 + 1.1701 1.719 NS

to—ty 3 -0.8224 = 1.8153 0.453 NS

Homoptera: L, N, O 3 t13 8 1.2823 + 1.6318 0.786 NS
: to~t3 7 0.0453 = 0.8176 0.035 NS

to—ts 8 5.2927 + 1.1790 4.489 L <0.01

2 Single’ capital letters are codes of species listed in Table 1.
b For description, see Fig. 1 and text.

by some other factors, such as nutrition and hu-
midity, whose effects are usually difficult to
quantify precisely.

Physiological Mechanisms. The method of rate
summation failed to account for all the deviations
of those estimated from the observed values in Ho-
moptera. In the beet leathopper, Circulifer tenellus
(Baker), there were consistent positive deviations
(Fig. 4, species M). However, in the 26 species
tested, this species appears rather unique in its re-
sponse to varying tc-mperatures.'

Perhaps of more general significance is the ac-
celeration of temperature in Homoptera when the
insects are reared at varying temperature regimes
in the range ot (i.e., the insects spend a portion
“of time each day at temperatures above t3),
brought about by a physiological response that acts
in addition to the rate-summation effect. This find-
ing suggests that such a physiological mechanism
to bring about acceleration of development may
exist in some insects but.comes into play only with-
in certain temperature ranges (also see Liu &
Meng 1989, Liu, 1993).

Mecthodology. The problems in methodology
have been discussed in detail above. With regard

to the method of ‘data analysis in this article, one -

may wonder that the results may be significantly
shaped by the particular model used, because two

Table 6. Percentage of deviations of predicted from
observed development times within different types and
amplitudes of varying temperatures in 24 species of in-
sects

" Temp
variation, °C  No. 9% deviations
Ampli o 7
mpli-cies? n d + SEM t P
Type tude
aandf <5 16 38 07045 +04744 1485 NS -
=5 17 44 11792 = 0.8810 '1.339 NS
a <5 12 42 0.6068 + 0.4909 - 1.236 NS
=5 12. ‘26 26456 + 1.0201 2593 - <0.05
f S <5 6 16 0.9121 % '1.0780. 0:845 NS
: =5 6 18 =—0.7759 + 14480 0.536 NS

2 The data of species C and'M listed in Table 1 were excluded
in the analysis, and the same species may appear in different cat-
egories. ‘

quite different models can fit a set of data equally
well yet may provide different predictions (Worner
1992). In the development of analysis procedixre
used in this study, we initially compared the per-
formance of three models, i.e., equation 3, Stinner
four-parameter sigmoid model (Stinner et al. 1974,
Kramer et al: 1991), and the Wang six-parameter
sigmoid model (Wang et al. 1982, Liu & Meng
1989), in fitting the constant temperature data and
estimating the expected development times at fluc-
tuating tcmperutures in three spcci(‘s of ‘insccts.
The three models were chosen for comparison by
their wide differences in background assumptions
and mathematical forms. The results in Table 7
show that in each of the three species the three
models fit the data nearly equally well and offer
very similar predictions for }lucmating tempera-
tures by rate summation. It must be noted that we
restricted the validity of the fitted #(T) functions
within temperature ranges examined experimen-
tally. We also observed that in Worner's study (Fig.
4 .0of Worner 1992) significant disparity in predic-
tions between her two models occurred only when
extrapolations of (T) functions were allowed (i.e.,
mean temperatures <15°C or >28°C). We con- .
cluded from Table 7 that, when the development
time data at constant temperatures are spuced at
intervals of =3°C, different sigmoid models will
give very similar predictions within the experimen-
tal temperature range if the models can fit the data
equally well. Therefore, choice of models, when
appropriate, has little influence on the results.

For a number of species listed in Table 1, the
current study has come to conclusions that differ
from those by the original authors. For example,
Messenger & Flitters (1959, p. 202) claimed that
there were true accelerative effects by temperature
variations in the three species of fruit flies (species
E, F, and G), whereas, in fact, they assumed no
development at temperatures <t; and >t4 in esti-
mations of development times for varying temper-
ature regimes. So the true accelerative effects they
claimed may be a direct result of this erroneous
assumption.

Recently, Hagstrum & Milliken (1991) found
that. predictions of development times at varying
temperatures were poor in some  species even
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Table 7. R? values for three species fitted to three S-shaped models and the comparative. performance of the

three models in making predictions of development time by rate summation over sinusoidall

y varying temperature

regimes .
Relative deviations (%) of predictions between models
Constant temp Range of
daily
Code ~ Species Temp R2 of three models® mearllé\ of 4 Stinner vs Sh-De - - Wang'vs Sh-De - Stinner vs Wang
. range; - i = - = T
k °C%' Sh-De . Stinner . Wang Buctuat- Mean ~ © Max. . Mean . Max . -Mean Max
= ing temp, .
aGe
F  D.cucurbitae - 12-36. . 0.9993 " 0.9991. 09996 17-31 153 -058  —-1.00 -045 —-L77 —0.11 0.79
N L. erysimi 835 09994 09993 09996 13-30. 18 -025 =094 0.15 - ~0.60 -0.10- ~0.37
S T pretiosum 15-34 09992 0.9989 09994  20-29 10 —0.16 - —0.36 0.36 0.90 052 ‘—1.46

4 Temperature range within which development times were measured experimientally at constant temperatures (see Table 1 for insect

stages and sources of data).

b\Sh-De, Sharpe & DeMichele model (equation 3); Stinner, Stinner et al. (1974) four-parameter sigmoid model; Wang, Wang et al.

(1982) six-parameter sigmoid model.

€A fluctuating amplitude of £ 5°C is considered in the predictions.
4 predictions are made for each integer degree only which resilted in the number of predictions shown.

when the estimations were made by rate summa-
tion with n(T) functions derived from rates mea-
sured at constant tcmpemmres. However, because .
Hagstrum & Milliken (1991) made extensive ex-
trnp(.)lutions of the constant temperature rate func-
tions in their predictions, their results were'in part
a reflection of ‘the extrapolative ‘behavior of the -
model used rather than any intrinsic differences
between constant and varying temperatures,

In the- data set included in the current study,
many species were tested at (mly one or two vary-
ing temperature regiies within a limited range of
temperature conditions. The results obtained for
Homopterous species indicate that the effect of
temperature variations may vary depending on the
range of temperature.. Furthermore, in the only
species (species C) that has been investigated in
some detail by two groups of anthors, contradictory
results were obtained (Mikulski 1936, Lin et al.
1954). Thus, the general conclusions drawn from
this study must be accepted as preliminary and the
effects of varying temperatures on. rate of devel-
opment -in insects certainly merit more ‘extensive
experimental analvsis.
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