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Abstract
Liu J., Yan Y., Yu M., Parajulee † M.N., Shi P., Liu J., Zhao Z. (2017): Using the loess method to describe the
effect of temperature on development rate. Plant Protect. Sci., 53: 226–231.
Temperature has a significant influence on development rates of insects and mites. Many parametric models were
built to describe the temperature-dependent development rates. However, these models provided different shapes of
the curves of development rate versus temperature. For different datasets, investigators have to spend much time on
considering which the parametric model is the best for describing the temperature-dependent development rates. In
the present study, we encourage investigators to use an important non-parametric model, the loess method, which
belongs to local regression methods. The loesS method is used to fit some published data on the development rate
of aphids to check the goodness-of-fit. We find that the loess method is very flexible for fitting the given datasets.
Thus, we consider that the loess method can be used to describe the effect of temperature on the development rate
of insects or mites.
Keywords: non-parametric model; local regression; weighted least squares; Aphididae

In general, one insect or mite species needs to experience different developmental stages in its lifecycle.
Completing each developmental stage requires a period
of time, which is referred to as development time (or
development duration). The reciprocal characteristic
of development time is referred to as development
rate. It has been demonstrated that temperature has a
strong influence on development rate (Campbell et
al. 1974; Taylor 1981). Development rate is regarded
as a linear function of temperature over the range of
moderate temperatures (Campbell et al. 1974; Zhao
et al. 2012). However, this linear relationship between
development rate and temperature does not fit if temperatures were not in this range. Several non-linear
models have been developed for describing the effect
226

of temperature on development rate (e.g., Logan et
al. 1976; Sharpe & DeMichele 1977; Schoolfield
et al. 1981; Taylor 1981; Wang et al. 1982; Lactin
et al. 1995; Brière et al. 1999; Ikemoto 2005, 2008;
Shi et al. 2011a, b). These non-linear models are like a
two-sided sword: (1) they represent abundant tools for
describing the temperature-dependent development
rates; (2) it takes to spend much time on choosing one
among so many models. Although some comparative
studies were done to recommend the best of these
models (e.g., Smits et al. 2003; Kontodimas et al.
2004; Kim et al. 2009; Shi & Ge 2010), these studies
did not draw a corresponding conclusion yet.
It is seemingly difficult to use a single model to
describe the effect of temperature on development
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rates of different insects and mites. That is, a single
universal non-linear model used to describe the
temperature-dependent development rates of all
species of insects and mites might be impossible. The
majority of the investigators usually choose models
based on the data in practice. It is necessary to point
out that all the non-linear models built for describing the temperature-dependent development rates
are parametric models. The shape of the curve of a
parametric model is known when its formulation is
given. However, sometimes these models do not fit
the experimental development rate data very well. It
seems that those data are authentic although there
are probably some small experimental errors. For
example, it is found that the aforementioned nonlinear parametric models are not applicable to the
development rate data of the cabbage beetle, Colaphellus bowringi Baly (Coleoptera: Chrysomelidae),
at eight temperatures ranging from 16°C to 30°C
(Kuang et al. 2011). The mortality of this insect
species at every temperature excluding 30°C is low
(lower than 50% for the egg, pupal and larval stage).
However, temperature dependent development models
are not intended to predict or account for mortality,
only the rate of development with respect to temperature. Since all non-linear models are chosen mainly
according to whether they can fit the data well, some
non-parametric fitting methods, such as local regression models (Cleveland et al. 1991; Loader 1999;
Zhao et al. 2013) and generalised additive models
(Hastie & Tibshirani 1990), can reflect the relationship between development rate and temperature.
We need not know the strict formulation before using
these models to fit the data. And these models will
provide the fitted results only according to the data
themselves. Thus, non-parametric models are in fact
considered to let the data speak. It indicates that we
need not to know the complex mechanism of the effect
of temperature on development rate but we can use
a non-parametric model to reflect the relationship
between development data and temperature very
well. Frankly speaking, although the Sharpe-Schoolfield-Ikemoto model (Sharpe & DeMichele 1977;
Schoolfield et al. 1981; Ikemoto 2005, 2008; Shi
et al. 2011b) and another model proposed recently by
Ratkowsky et al. (2005) based on thermodynamics
have perfectly combined the temperature-dependent
development rates to the probability of an enzyme being in the active state, the mechanisms of temperature
(1)

on the enzymes that control development and the
types of these controlling enzymes are still unknown.
Therefore, it is necessary to use a non-parametric fitting
method. In the present study, we employ an important
local regression model, loess (Cleveland 1979;
Cleveland et al. 1991; Jacoby 2000), to depict the
effect of temperature on development rate.

Material and methods (1)
The loess method was pioneered by Cleveland
(1979), Cleveland et al. (1988), Cleveland and
Grosse (1991). Suppose ri for i = 1 to n are observed
development rates. Suppose T i for I = 1 to n are
observed temperatures. The local regression model
related to the temperature-dependent development
rates can be described as:
ri = g (Ti) + εi

(1)

where: g(•) – smooth function of T; εi – random variables
with mean 0 and variance σ2

Let r̂ i represent an esti≤mate of ri , T i is the daily
average temperature, i is daily temperature.
Let Δ k(T i) denote the Euclidean distance of T i to
T k. Let Δ (k)(T i) denote the values of these distances
ordered from smallest to largest, and let

{

T(u) =

(1 – u3)3
0

for 0 ≤ u < 1
for u ≥ 1

(2)

denote the weight function.
Local regression requires a smoothing parameter,
α (α ≤ 1). And the integer obtained from truncating
α•n represents the number of points used to perform
each local regression. Obviously, the parameter, α,
limits the proportion of observations that is to be
used in each local regression. Let q be that integer.
We define a weight for (T k, r k) by
wk(Ti) = T

(

Δk(Ti)

)

Δ(q)(Ti)

(3)

It decreases or remains constant as T k increases
in distance from T i.
(1) For each i compute the estimates, β̂ij, j = 0 to d, of the
parameters in a polynomial regression of degree d
of ri on Ti, which is fitted by weighted least squares
with weight wk(Ti) for (Tk, rk), i.e., minimising:
n

d

Σ w (T ) (r – Σ ( β̂ T ))
k=1

k

i

k

j=0

j
ij k

(4)

We mainly referred to the study of Cleveland (1979) in this section.
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Then we compute r̂ i by
r̂i =

d

n

Σ ( β̂ T ) = Σ (I
j
i

ij

j=0

k=1

ik rk

)

(5)

(2) Let B denote the bisquare weight function that
is defined by
B(v) =
Let

{

(1 – v2)2
0

for |v| < 1
for |v| ≥ 1

ei = ri – r̂i

(6)

(7)

be the residuals from the current fitted values. Let s
be the median of the |ei|. Define robustness weights by
ζk = B(ek/6s)

(8)

(3) Compute new r̂ i for each i by fitting a d th degree
polynomial using weighted least squares with
weight ζ k•w k(T i) at (T k, r k).
(4) Repeatedly execute steps 2 and 3 a total of t times.
The final r̂ i are robust locally weighted regression fitted values.
We use the R package (http://www.r-project.org/)
to carry out the loess fitting. There are two outputs
needed to explain in detail: equivalent number of
parameters and residual standard error.
Let
r̂ = Lr

(9)

and let
T

δ1 = Trace (I – L) (I – L)

(10)

The definitions of these two outputs are:

Equivalent number of parameters = Trace (LTL) (11)
Residual standard error = (RSS/δ1)1/2

(12)

Results and discussion
In the present study, we used the loess method to fit some published development rate data of

Aphididae (Table 1 and Figure 1). The loess model
can fit the data well, and it does not need a strict
formulation before fitting the data. The coefficients
of determination (i.e., R2) from sample A to sample F
were 0.9993, 0.9971, 0.9967, 0.9980, 0.9851, and
0.9960, respectively. The curve shapes produced by
the loess method can be different. The curve shapes
cannot be produced by a single parametric model,
such as the logistic model or the performance model.
We append the program for investigators to execute
the loess fitting. Just to use this program, we can
use the loess method to accurately describe the
temperature-dependent development rates.
The advantages have been mentioned above for
using the loess method to describe the effect of
temperature on development rate. The disadvantages of using it are two aspects: (1) it is easy to lead
to the overfitting, i.e., it is very flexible that it can
also fit some data with experimental errors; (2) it
cannot be used to predict the lower developmental
threshold (hereafter read as LDT) and the sum of
effective temperatures (hereafter read as SET) which
are often estimated by a classical linear model. The
classical linear model for describing the temperaturedependent development rates is:
r = a + bT + ε

(13)

where: r – development rate; T – constant temperature;
a and b – constants; ε – random error item

{

The estimates of the LDT and SET are defined by:

LD̂T = – â /b̂
SÊT = – 1/b̂

(14)

where: the letter ‘a’ with a ‘hat’ represents the estimate of
respective lettering

The LDT denotes the temperature below which
development rate equals zero. There is another temperature concept known as upper developmental
threshold (UDT) beyond which development rates
also equal zero, and that is similar to the LDT. Insects
are supposed to develop between LDT and UDT.
However, the loess method based on the experi-

Table 1. Summary of the cited data
Sample

Species

A
B
C
D
E
F

Aphis gossypii Glover
Lipaphis erysimi Kaltenbach
Myzus persicae Sulzer
Myzus persicae Sulzer
Myzus persicae Sulzer
Rhopalosiphum pseudobrassicae Davis
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Temperature range (°C)
15–32
8.3–35.1
6.2–30.0
8–28
8–32
10–30

Literature
Satar et al. (2005)
Liu and Meng (1990)
Liu and Meng (1990)
Chen et al. (2002)
Qin and Li (2006)
Kawada (1964)
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(A)

0.20

0.20

0.15

0.15

0.10
0.05

0.10
15

20

25

30

10

(C)

Development rate (1/day/s)

Development rate (1/day/s)

(B)

0.15
0.10
0.05
10

15

20

25

20

25

30

35

(D)
0.12

0.08

0.04
10

30

(E)

15

20

25

(F)

0.15

0.12

0.10

0.08

0.05

0.04
10

15

15

20

25

30

Temperature (°C)

10

15

20

25

30

Temperature (°C)

Figure 1. Comparison between the observations and predicted values by the loess method. Data source is shown in Table 1. The
open circles represent the observations; and the solid lines represent the predicted values by the loess method. The smoothing
parameter is defined as 0.75 for each sample

mental data cannot obtain these three parameters
which are often used in entomology. It is necessary
to point out that not all investigators believe in the
existence of LDT, SET, and UDT. And some believe
only in one or two. We can find the evidence from
the non-linear models. The Logan model assumes
only the existence of UDT. If the investigators want
to calculate the LDT, they have to use the linear
model for its estimation (e.g., Bonato et al. 2007;
Eliopoulos et al. 2010). The Sharpe-SchoolfieldIkemoto model assumes only the existence of LDT
(Ikemoto 2005, 2008; Shi et al. 2011b). The WangLan-Ding model (Wang et al. 1982), Lactin (Lactin
et al. 1995), and performance models (Shi & Ge 2010;
Shi et al. 2011a) are models whereas the existence

of both LDT and UDT is assumed. In addition, the
data presented in Figure 1 could conform well to
other models, particularly those evaluated by Shi
and Ge (2010).
In summary, there are two debates about the existence of LDT, SET, and UDT. Then we cannot reject
the use of the loess method though it cannot be
used to predict these three parameters (or theoretical concepts in a sense). Investigators had better
deliberately design the temperature range to make
these temperatures meaningful for experiments. In
this case, the loess method can thoroughly show
its advantages. For example, Liu and Meng (1990)
carried out an experiment to explore the effect of
temperature on the development of two species of
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aphids (Lipaphis erysimi Kaltenbach, Myzus persicae Sulzer). They set the temperature range from
6.2°C to 37.0°C. That should be enough, because
the suitable temperatures for these two species of
aphids to develop in nature should be in this temperature range. As an important non-parametric
fitting method, it should be reasonable and feasible
for us to use the loess method to describe the
effect of temperature on the development rate of
insects or mites.
Acknowledgements. We thank Dr Takaya Ikemoto
for providing us with one useful reference.

Appendix
Before using this program, we need to download
the R package from http://www.r-project.org/. Then
we type the following code in the R Console:
T <- c(15, 17.5, 20, 22.5, 25, 27.5, 30, 32.5)
D <- c(10.8, 8.1, 6.7, 5.4, 4.6, 4.3, 4.1, 4.1)
T <- T[!is.na(T)]
D <- D[!is.na(D)]
r <- 1/D
plot(T,r,xlab=expression(paste(“Temperature (“,degr
ee,”C)”)),ylab=c(“Development rate (1/days)”),pch=1)
r.loess <- loess(r~T,span=0.75,data.frame(T=T,r=r))
r.hat <- predict(r.loess,data.frame(T=T))
Rsquare <- 1-sum((r-r.hat)^2)/sum((r-mean(r))^2)
T.predict <- seq(min(T),max(T),by=0.001)
r.predict <- predict(r.loess,data.frame(T=T.predict))
lines(T.predict,r.predict,col=1)
Here, T is a vector that is used to save the data
of experimental temperatures; D is a vector that
is used to save the data of development times. We
take the data of Satar et al. (2005) as an example.
Users can replace T and D with other data needed
to be analysed. r is a vector that is used to save the
observed development rates; r.hat is a vector that
is used to save the predicted development rates by
the loess method at T; Rsquare is the coefficient
of determination, as an indicator of goodness-of-fit;
T.predict is a vector that is used to save the temperatures given by the users if they want to predict the
development rates at these temperatures. Default of
T.predict is the range from the lowest experimental
temperature to the highest experimental temperature by an increment of 0.001°C. r.predict is a vector that is used to save the predicted development
rates at T.predict.
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