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ABSTRACT

The effect of temperature on development and the effect of photoperiod on diapause inci-
dence of insects are common topics in insect physiology. Related to these topics, are 3 impor-
tant concepts: the lower and upper developmental thresholds, which represent the lower and
upper limits of thermal range for insects to develop, and the critical photoperiod, which
causes diapause in 50% of a population. To compare lower or upper developmental thresh-
olds of 2 different developmental stages or of 2 populations at the same developmental stage
is difficult because of the lack of a suitable statistical method. Shi et al. (2010) proposed 2
methods for testing whether there is a significant difference between 2 lower developmental
thresholds. However, these 2 methods are only applicable to the linear relationship between
developmental rate and temperature. There are also many studies on the geographic varia-
tion in the critical photoperiods for different populations of an insect species. Also, a method
is lacking for testing whether there is a significant difference between 2 critical photoperi-
ods. In this study, we test bootstrap to determine if there is a significant difference between
different parameters. Bootstrap can then be used to compare any 2 lower or upper develop-
mental thresholds, or to compare 2 critical photoperiods. It can also provide the confidence
interval of a critical photoperiod.

Key Words: developmental rate, diapause incidence, lower developmental threshold, upper
developmental threshold, critical photoperiod, confidence interval

RESUMEN

El efecto de la temperatura sobre el desarrollo y el efecto del fotoperiodo sobre la incidencia
de la diapausa de insectos son temas comunes en la fisiologia de insectos. En relacién a estos
temas, hay tres conceptos importantes: los umbrales inferiores y superiores de desarrollo,
que representan los limites inferiores y superiores del rango térmico de los insectos a desa-
rrollar, y el fotoperiodo critico, lo que causa la diapausa en el 50% de la poblacién. Para com-
parar los umbrales inferiores y superiores de desarrollo de dos etapas diferentes de
desarrollo de dos poblaciones en el mismo estado de desarrollo es dificil debido a la falta de
un método estadistico adecuado. Shi et al. (2010) propusieron dos métodos para comprobar
si existe una diferencia significativa entre los dos umbrales més bajos de desarrollo. Sin em-
bargo, estos dos métodos sé6lo son aplicables a la relacion lineal entre la tasa de desarrollo y
de la temperatura. También hay muchos estudios sobre la variaciéon geogréfica en el fotope-
riodo critico para las diferentes poblaciones de una especie de insecto. Ademads, también hace
falta un método para comprobar si existe una diferencia significativa entre los dos fotoperio-
dos criticos. En este estudio, se utiliz6 el método de “bootstrap” para determinar si existe una
diferencia significativa entre los diferentes parametros. Se puede usar este método para
comparar cualquier dos umbrales de desarrollo inferiores o superiores, o para comparar dos
fotoperiodos criticos. También puede proveer un intervalo de confianza de un fotoperiodo cri-
tico.
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The effect of temperature on developmental
time (d) and the effect of photoperiod on dia-
pause incidence (%) are common topics of insect
physiology. Developmental rate, the reciprocal
of developmental time for completing a develop-
mental stage, is a linear function of constant

temperature over the mid-temperature range
(Fig. 1). However, the relationship between de-
velopmental rate and temperature is nonlinear
over the whole range including the low, mid,
and high temperatures in which an insect spe-
cies can develop (Fig. 2). There are 2 intersec-
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Fig. 1. Temperature-dependent developmental rates
of C. bowringi at the egg, larval and pupal stages.

tions between the developmental rate curve
and x-axis: the lower developmental threshold
below which development terminates, and the
upper developmental threshold above which de-
velopment also terminates. Rijn et al. (1995)
suggested that the lower developmental thresh-
olds of all developmental stages of an insect
species should be constant, which was referred
to as the rate isomorphy hypothesis by Jarosik
et al. (2002, 2004). Shi et al. (2010) proposed 2
methods of testing whether there is a signifi-
cant difference between 2 lower developmental
thresholds, but these methods were only appli-
cable to the linear relationship between devel-
opmental rate and temperature over the mid-
temperature range. The comparison between 2
upper developmental thresholds is less well
studied. The effects of temperature on develop-
ment of different developmental stages for an
insect species, and the comparison on effects of
temperature on development of different geo-
graphic populations of an insect species have
received much attention (e.g., Tauber et al.
1987; Stacey and Fellowes 2002; Gotoh et al.
2010). However, surprisingly, comparing the
lower or upper developmental thresholds has
been neglected probably because of the lack of a
suitable statistical method.

For many insect species, there is a critical pho-
toperiod that can induce diapause in 50% of a
population. The critical photoperiod is an impor-
tant concept of insect physiology, and the varia-
tion of critical photoperiods among different geo-
graphic populations for an insect species has also
gained much attention (e.g., Ankersmit & Adkis-
son 1967; Tauber & Tauber 1972; Hong & Platt
1975; Gomi 1997; Ishihara & Shimada 1999; Ito
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& Nakata 2000; Kurota & Shimada 2003; Sun et
al. 2007). However, a suitable statistical method
of testing whether there is a significant difference
between critical photoperiods of two geographic
populations is also lacking.

The bootstrap (Efron & Tibshirani 1993;
Davison & Hinkley 1997) is known for estimat-
ing the standard error and confidence interval
for life table parameters and temperature
thresholds. However, few entomologists have
paid attention to its function of parameter com-
parison. In this study, we introduce the confi-
dence interval based on bootstrap percentiles,
and show how to use it to compare 2 lower or
upper developmental thresholds, or 2 critical
photoperiods.

PRINCIPLE OF USING BOOTSTRAP TO COMPARE
2 PARAMETERS

Suppose the transformation ¢ = m( 6) perfectly
normalizes the distribution of 6:

9~N(g,c?)

for some standard deviation c. Then the percen-
tile interval based on 6 equals (Efron & Tibshi-
rani 1993):

[m-l(é_z(l-u)c)’ m-l(é_z(rl)c)]

where z" is the 100(1-a)th percentile of a stan-
dard normal distribution; z is the 100 ath per-
centile of a standard normal distribution; 0 < o <
1. 299 =1.960, z**” =1.645, %" =1.000, etc.

Assume that a linear or non-linear model y =
f(x) has several parameters. If we are interested
in one of these parameters in this model, let ¢
represent this parameter. Assume that there
are 2 datasets, e.g., the temperature-dependent
developmental rates of 2 stages. Then we use y
= f(x) to fit these 2 datasets, respectively. The 2
fitted values of ¢ can be obtained. Now we test
whether there is a significant difference be-
tween these 2 values of q. We resample the
given dataset (x,, y) (@ = 1, ..., n) with replace-
ment to obtain (x/,y)) i=1,..,n)(j=1, ..., B),
where B represents the resampling times. Us-
ing flx) to fit (x/, y/), we obtain the fitted values
of g/ (j=1,..,B). Because there are 2 datasets,
we can obtain ¢, and g, . Let D, =q;, - q;;,. We
can now determine whether there is a signifi-
cant difference between 2 values of ¢ by check-
ing the confidence interval of D, to determine if
it includes 0. If 0 is included by this interval,
there is no significant difference between these
2 values of g; if 0 is not within this interval,
there is a significant difference between these 2
values of ¢. In this study, we use the 95% confi-
dence interval.
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APPLICATIONS

Comparing Two Lower Developmental Thresholds.

The following equation is widely used to de-
scribe the temperature-dependent developmental
rates at a specified developmental stage:

y=a+ bx [1]

Here, y is developmental rate; x is tempera-
ture;a and b are parameters to be fitted. Let ¢ rep-
resent the lower developmental threshold, and let
k represent the sum of effective temperatures re-
quired for completing a specified developmental
stage. We have

{? =-a/b (2]
k=1/b

Here, a symbol with a hat denotes the estimate
of what this symbol represents. The estimates of a
and b can be obtained from some textbooks of sta-
tistics (e.g., Xue & Chen, 2007). Campbell et al.
(1974) provided the standard error formula for
the estimates of ¢ and &:

SE(7) =

SO I

MSE , {SE(ZA)) T
n-y? b

: [3]
SE(k) = &gb)

b

Here, MSE repregents the mean squared error.
?i;ziquals 2(y;-9;)/(n-2), and n is the sample

There are 2 basic resampling schemes for re-
gression models (Davison & Kuonen 2002): 1) re-
sampling cases (x,, ), ..., (x,,¥,), under which the
bootstrap data are (x,,y,), ..., (x,,y,), taken inde-
pendently with equal probabilities 1/n from the
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(x,, ), and 2) resampling residuals. Having ob-
tained estimates g + bx, we take ¢ randomly
from centered standardized residuals e,...,e, and
sety,=a + 5% +¢;,i=1,..,n. The second scheme
is more efficient than resampling pairs if the
model is correct. In this study, we use the second
scheme to resample the raw temperature-depen-
dent developmental rate dataset of Colaphellus
bowringi Baly (Coleoptera: Chrysomelidae) from
16 to 26 °C (Fig. 1) in 2 °C increments (Kuang et
al. 2011). The lower developmental thresholds
and sums of effective temperatures of the egg, lar-
val and pupal stages are calculated by equations
2 and 3, and by bootstrap (Table 1). The 95% con-
fidence intervals of the difference between any 2
lower developmental thresholds based on boot-
strap percentiles are:

egg-larva  [-0.4797,0.2776]
egg-pupa  [-0.3173, 0.4934]
larva-pupa [-0.2253, 0.6093]

The 95% confidence intervals of the difference be-
tween any 2 sums of effective temperatures based
on bootstrap percentiles are:

egg-larva  [-78.74,-69.95]
egg-pupa  [+15.88, 20.76]
larva-pupa [+88.28, 96.94]

We can find that all the 95% confidence intervals
of the differences between any 2 lower develop-
mental thresholds include 0. Thus, there are no
significant differences among the lower develop-
mental thresholds at the egg, larval and pupal
stages. It further demonstrates the rate isomor-
phy hypothesis. However, all the 95% confidence
intervals of the differences between any 2 sums of
effective temperatures do not include 0. Thus,
there are significant differences among the sums
of effective temperatures of 3 developmental
stages.

It is necessary to point out that Tkemoto & Ta-
kai (2000) proposed another linear model for de-
scribing the effect of temperature on developmen-

TABLE 1. ESTIMATED LOWER DEVELOPMENTAL THRESHOLDS AND THE SUMS OF EFFECTIVE TEMPERATURES FOR C. BOW-

RINGI.
Equations 2 and 3 Bootstrap
Egg Larva Pupa Egg Larva Pupa
¢ . 10.13 10.24 10.06 10.13 10.24 10.05
SE (¢) 0.12 0.15 0.16 0.12 0.15 0.16
k . 79.88 154.02 61.53 79.89 154.04 61.60
SE (k) 0.87 2.17 0.92 0.85 2.09 0.92

i, represents the estimate of lower developmental threshold.

k, represents the estimate of sum of effective temperatures required for completing a specified developmental stage.
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tal rate. This model shows many advantages
relative to equation 1 (Miller 2011). Bootstrap
can be also used to compare the lower develop-
mental thresholds estimated by the new model
of Tkemoto & Takai (2000). Here, we do not ex-
hibit that.

Comparing Two Upper Developmental Thresholds.

There are many non-linear models for describ-
ing the temperature-dependent developmental
rates (e.g., Logan et al. 1976; Sharpe & DeMichele
1977; Schoolfield et al. 1981; Taylor 1981; Wang et
al. 1982; Lactin et al. 1995; Briere et al. 1999; Ike-
moto 2005, 2008; Shi et al. 2011). In practice, each
model has its advantage relative to others for dif-
ferent species of insects. In this study, we do not
question which one is best. We only choose one to
show the function of bootstrap in comparing any 2
upper developmental thresholds. Logan model
(Logan et al. 1976) is often used to calculate the
upper threshold (e.g., Bonato et al. 2007, Eliopou-
los et al. 2010):

v =y exp(px) - exp(pTu- 1) | (4]

Here, y is developmental rate; x is tempera-
ture; T, is the upper developmental threshold,;
Y, p, and 6 are constants. Gotoh et al. (2010) re-
ported differences in temperature-dependent
development among 7 geographic strains of Tet-
ranychus evansi Baker et Pritchard (Acari: Tet-
ranychidae) from 15 to 40 °C in 2.5 °C incre-
ments. In this study, we only test if there is a
significant difference (Fig. 2) between the first 2
strains (i.e., BP and FT strains, see Gotoh et al.
[2010] for details). In general, mean or median
developmental rates are used to carry out a
non-linear fitting (e.g., Schoolfield et al. 1981;
Tkemoto 2005, 2008; Shi et al. 2011). We cannot
conclude that Logan model is absolutely cor-
rect, so the first schedule (i.e., resampling
pairs) is used to do bootstrap. We use the nlinfit
function of Matlab 6.5 (http:/www.math-
works.com/) to perform the non-linear fitting.
The fitted upper developmental thresholds of
BP and FT strains are equal to 44.55 and 44.89
°C, respectively. The 95% confidence intervals of
the difference between these 2 upper develop-
mental thresholds of BP and FT strains based
on bootstrap percentiles are:

BP-FT [-6.74, 6.75]
Because 0 is included in this interval, there is no
significant difference between these 2 upper de-
velopmental thresholds of BP and FT strains.

1039

l——&—— BP Strain
= =G~ = FT Strain

0.15
1

0.10
1

Developmental rate (1/days)

0.05
1

0.00
1

10 15 20 25 30 35 40 45

Temperature (°C)

Fig. 2. Temperature-dependent developmental rates
(from egg to female adult) of 2 geographical strains (BP
and FT) of T' evansi.

Comparing Two Critical Photoperiods.

It is known that photoperiod has an impor-
tant influence on diapause incidence for many
insect species. Some investigators have at-
tempted to model such an effect (e.g., Kroon et
al. 1997; Kurota & Shimada 2003; Timer et al.
2010). These models are useful in studying in-
sects. In this study, we suggest using a non-
parametric fitting method of loess, which is
short of local regression (Cleveland 1979;
Cleveland et al. 1991), to determine the effect of
photoperiod on diapause incidence. A non-para-
metric fitting method does not consider the po-
tential mechanism of the photoperiod-indepen-
dent diapause, but it can in general fit the
dataset very well. Thus, loess has more flexibil-
ity than a parametric model. We also use loess
to predict the critical photoperiod. Then we test
whether there is a significant difference be-
tween 2 critical photoperiods of 2 geographic
stains (Fig. 3) of Bruchidius dorsalis Fahraeus
(Coleoptera: Bruchidae) (Kurota & Shimada
2003). The predicted critical photoperiods of
Tatsuno and Sagamihara strains are 11.74 and
12.07 h, respectively. The 95% confidence inter-
vals of the difference between these 2 critical
photoperiods of Tatsuno and Sagamihara
strains based on bootstrap percentiles are:

Tatsuno-Sagamihara [-0.9270, 0.4766]
Because 0 is within this interval, there is no sig-
nificant difference between these 2 critical photo-
periods of Tatsuno and Sagamihara strains.
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Fig. 3. Photoperiod-dependent diapause of 2 geo-
graphic stains (Tatsuno and Sagamihara) of B. dorsalis
at 24 °C. The closed circles are the observations of Tat-
suno strain; the solid lines are the values of Tatsuno
strain estimated by loess; the open circles are the obser-
vations of Sagamihara strain; the dashed lines are the
values of Sagamihara strain estimated by loess; the
closed square is the 50% diapause incidence at the crit-
ical photoperiod of Tatsuno strain (11.74 h); the open
square is the 50% diapause incidence at the critical pho-
toperiod of Sagamihara strain (12.07 h).
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