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Abstract The melon fruit fly Zeugodacus cucur-
bitae (Coquillett) is a major polyphagous insect pest
with a worldwide distribution. The effects of tem-
perature on the development of Z. cucurbitae were
investigated at eight constant temperatures. Freshly
deposited egg and emerged larvae of Z. cucurbi-
tae were used for experiment and the development
of eggs, larvae and pupae was examined daily. With
the exception of the lowest temperature (12.0 °C), Z.
cucurbitae developed successfully from the egg stage
to the adult stage at all the assessed temperatures.
The lower developmental thresholds and thermal
constants of each life stage were determined using
linear regression. The lower and higher temperature
thresholds were estimated using the Lobry—Rosso—
Flandrois (LRF) and Sharpe—Schoolfield—Ikemoto
(SSI) models. The lower developmental threshold and
thermal constant from egg to adult emergence were
10.7 °C and 218.7 degree-days, respectively. The
intrinsic optimum temperatures of the egg, larval,
pupal and egg to pupal stages were 30.3, 24.4, 24.5,
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and 25.7 °C, respectively. Using the SSI model, we
determined a temperature range of 23.1 °C (13.3—
36.4 °C) for the total immature stage of Z. cucurbi-
tae from lower and higher temperature threshold. The
cumulative 50% adult emergence estimated using the
SSI model was approximately 1 day later than that
observed from Momordica charantia L., which was
used for validating the distribution of adult Z. cucur-
bitae emergence. We elucidated the thermal perfor-
mance of Z. cucurbitae using linear and non-linear
models, and these models will contribute to the devel-
opment of an effective management program for Z.
cucurbitae.

Keywords Zeugodacus cucurbitae - Development
time - Nonlinear function - Temperature

Introduction

IClimate change affected population dynamics, com-
munity structures and abundance of insects in natu-
ral and agricultural systems. Among various events
caused by climate change, temperature increase could
be one of the most influence drivers of ecosystem
services. Temperature plays an important role in the
development and growth of insects and thus climate
change will alter their biology, community structures
and species distribution (Gonzilez-Tokman et al.,

' A degree day is a measure of heating and is the amount of
heat required to complete a given organism’s development.
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2020; Gutierrez et al., 2021; Halsch et al., 2021;
Huang et al., 2020; Wagner et al., 2021).

The melon fly Zeugodacus cucurbitae (Coquillet)
was originally placed in the subgenus Zeugodacus
Hendel of the genus Bactrocera Macquart; however,
on the basis of more recent molecular phylogenetic
analyses, Zeugodacus is now considered as a genus
distinct from Bactrocera (Doorenweerd et al., 2018;
Hancock & Drew, 2018; Krosch et al., 2012; Virgilio
et al., 2015). The melon fly is one of several tephritid
species that are of particular economic importance
to South Asia, the West Pacific, and Africa. From
this region of origin, Z. cucurbitae has increased its
range into Indochina and throughout the Southeast
Asian archipelago, Hawaii, and other Pacific islands,
including Guam, Papua New Guinea and the Solo-
mon Islands (Carey & Dowell, 1989; Dhillon et al.,
2005; Koidsumi & Shibata, 1964; Mwatawala et al.,
2006; Papadopoulos et al., 2013; Putulan et al., 2004;
Vargas et al., 2015). Furthermore, since 1956, this
fruit fly has been detected on a number of occasion in
California (Barma et al., 2013; Mkiga & Mwatawala,
2015); however, its permanent establishment on the
North American mainland is debated (Carey et al.,
2017; Mcinnis et al., 2017).

The melon fly infests the fruit and vegetables of
more than 125 plant species, predominantly those
from the family Cucurbitaceae (Dhillon et al., 2005;
Isabirye et al., 2016; Vayssieres et al., 2007). The
melon fly is a source of substantial commercial losses
in both its native and invaded ranges with the extent
of these losses ranging between 30 to 100%, depend-
ing on the cucurbit species and the season (De Meyer
et al., 2015; Koyama et al., 2004; Pifiero et al., 2006;
Vayssieres et al., 2007). Zeugodacus cucurbitae
preferentially infests young, green, and soft-skinned
fruits. Adult females lay eggs into the tissues of fruits
at depths of 2 to 4 mm. After eclosion, the larvae
bore into the pulp tissue of fruits, excavating feed-
ing galleries, the effects of which cause the rotting
and deforming of the infected fruit. Moreover, young
larvae move from damaged regions to healthy tis-
sue, into which they often introduce a range of plant
pathogens that further contribute to fruit decomposi-
tion. Full-grown larvae emerge from the fruit by mak-
ing one or two exit holes and subsequently pupate in
the soil at depths of between 0.5 and 15 cm below
the soil surface (Dhillon et al., 2005; Jackson et al.,
1998; Mir et al., 2014). The melon fly not only infests
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fruit but can also attack flowers, stem, and root tis-
sue. In Hawaii, pumpkin and squash fields (varie-
ties of Cucurbitae pepo) are heavily infested prior
to the maturation of fruit, with eggs being laid into
unopened male and female flowers, and larvae have
been observed to develop successfully even in the
taproots, stems, and leaf stalks (Back & Pember-
ton, 1914). Z. cucurbitae thus represents a potential
source of considerable devastation to both local fruit
production and the international trade market (Badii
et al., 2015; Farooq et al., 2020; Follett et al., 2019;
Isabirye et al., 2016).

In common with numerous regions worldwide,
the melon fly is considered one of the most impor-
tant agricultural pests in Taiwan. The activity of
melon fly differs considerably depending primarily
on the prevailing climate conditions and the diver-
sity of host plants within a particular agro-ecosys-
tem. Given its pest status and invasive behavior, the
thermal performance of Z. cucurbitae investigating
the relationship between temperature and the stage-
specific development and its potential host plants
have been extensively studied by numerous research-
ers (Dhillon et al., 2005; Koyama et al., 2004; Var-
gas et al., 2015; Virgilio et al., 2010). The findings
of previous studies have provided important insights
on the biological characteristics of local populations,
lower temperature thresholds, thermal constants and
non-linear development rate of Z. cucurbitae (Follett
et al., 2019; Jiang, 2005; Keck, 1951; Messenger &
Flitters, 1958; Mkiga & Mwatawala et al., 2015;
Nakamori et al., 1978; Vargas et al., 1984, 1990,
1996, 1997 and 2000; Vargas et al., 2015; Vayssieres
et al.,, 2008). However, there were no temperature-
driven non-linear models or development complete
distribution models constructed to simulate adult
emergence based on constant temperatures and time.
Accordingly, in this study, we determined the effects
of temperature on the biology and development time
of Z. cucurbitae with a view toward constructing tem-
perature-dependent development models for the spe-
cies, estimated the voltinism (i.e., the number of gen-
eration) of Z. cucurbitae, and sought to validate these
models based on assessments using host plants and
artificial diets under semi-field conditions. The results
of this study will support future studies of the melon
fly’s population phenology, adaptation to climate
change, performance on different host plants, and to
develop an effective management program.
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Tablet 1 .The. composi.tion Ingredients Unit

of artificial diets used in

this study for rearing of Sodium benzoate (Sigma-Aldrich Corporation Milan, Italy) 2¢g

i‘;ﬁigdﬂcus cucurbitae Granulated sugar (Taiwan Sugar corporation, Tainan, Taiwan R.0.C) 120 ¢
Yeast (Vietnam—Taiwan Sugar Company Limited, T Hoa, Vietnam) 140 g
HCI (Sigma-Aldrich Co., Austria) 12.5mL
Wheat grain (purchased from a local store, in Taichung, Taiwan R.O.C) 480 g
Soybean meal (purchased from a local store, in Taichung, Taiwan R.O.C.) Ng
Water 1,300 mL

Materials and Methods and 50 mL of water. A gelatinous mixture containing

Insect maintenance

Colonies of Z. cucurbitae originating from individu-
als collected from a cultivated luffa wild population
in Wufeng County, Taichung, Taiwan, have been
maintained in mass rearing system of Taiwan Agri-
cultural Research Institute since 1996. Colonies of Z.
cucurbitae were maintained at 27+1 °C, 60~70%
relative humidity and 12:12 h light:dark photoperiod
conditions. The colonies of Z. cucurbitae in the lab-
oratory did not mix with wild melon flies and does
not ever refresh during 25 years. The weight of 100
pupae from the colonies of Z. cucurbitae in the labo-
ratory was recorded per generation and the population
fitness was verified by the data. The fitness data are
showed stable and as follow next generation.

The mass rearing of larvae was performed as
described previously by Nakamori and Kakinohana
(1980). The larvae were fed on artificial diet which
was composed of various ingredients (Table 1). Z
cucurbitae pupated in sawdust, and the pupae were
collected by sieving the sawdust.

These resulting pupae were subsequently placed
in 30 cm x 45 cm X 30 cm containers for emergence.
The contaniners were made of wood with netting
fixed on four openings. Each container was set with
approximately 5000 pupae and kept in the mass rear-
ing chamber. Each batch where the adult emerged has
3 containers. The controlled enviromental conditions
were set as follows: temperature 27+ 1 °C, 60—70%
RH and 12:12 h (light: dark) photoperiod. After adult
emergence, they were fed an artificial diet composed
of 200 g of Yeast Hydrolysate Enzymatic (MP Bio-
medicals, LLC., Illkirch-Graffenstaden, France), 40 g
of granulated sugar, 10 mL of protein hydrolysate
(Alco Standard Corporation, Pennsylvania, USA),

water, 100 g of sugar, and 37.5 g of agar (Fei Kung
Agar—Agar Co., Ltd, Tainan, Taiwan R.O.C) were
also provided.

Black cylindrical cups (4.5 cm in diameter and
5 cm in height), the surface of which was perforated
with numerous holes, was used for egg collection
when females were sexually mature at 12—13 days
old. Fresh pumpkin juice (pumpkin: water=3: 1,
purchased from local market, Taichung in Taiwan
R.O.C.) was smeared on the inner surface of the cyl-
inder walls using a damp cotton ball. Similar cotton
balls were placed in the cylinder to attract adults for
ovipositioning. 3 mL eggs (about 15,000 eggs) were
collected every week and spread evenly on a tray
(30 cm x40 cm x 3 cm) holding 3 kg medium includ-
ing artificial diet and water. The tray was separated
into three parts and 1 mL eggs seeded in each part.

Laboratory experiment

Freshly laid eggs (<3 h old) from laboratory reared
Z. cucurbitae were collected from black cylindrical
cups, which was used used for egg collection, using
distilled water. Samples of 100 eggs were counted
under a dissecting microscope to maintain the same
number of samples at each temperature treatment and
placed on a piece of filter paper (1 x 1 cm?). Each fil-
ter paper was laid on the surface of 100 g of artificial
diet medium in a petri dish (diameter 90 mm X height
15 mm; Alpha Plus Scientific Corp. Taoyuan, Taiwan
R.0.C). The experiment was replicated 10 times with
the same cohort of the melon flies. A total of 1,000
eggs were used for experiments and placed in envi-
ronmental chambers (Model A 414,931,206; Yuh
Chuen Chiou Industry Co., Ltd., Kaohsiung, Tai-
wan R.0.C) set at one of eight constant temperatures
(12.0, 13.9, 16.1, 19.9, 24.7, 28.6, 32.6, or 35.2 °C)
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and a relative humidity within the range of 65 — 80%.
These environmental data were were recorded at 1 h
interval using a HOBO data logger (Onset Computer,
Co., Bourne, MA, USA). The eggs were observed
daily for hatching using a binocular microscope
(X20; Olympus Japan).

Freshly emerged Z. cucurbitae larvae (<12 h old,
200) were placed individually with a fine brush in
Petri dishes (5 cm in diameter and 1 cm in height)
filled with an artificial diet (approximately 1.5 cm?).
The 10 petri dish was covered with a lid that enabled
air circulation but prevented the larvae from escap-
ing, and the development of the larvae and pupae was
examined daily.

Zeugodacus cucurbitae development time was
analyzed using the PROC GLM in SAS statistical
software (2002). Statistical differences in the develop-
ment periods of melon fruit fly among the assessed
temperatures were determined using Tukey’s honest
significant difference test (HSD; a=0.05).

(T = T ) (T = Tpi)’

1(T) =

Analysis of development time

The relationship between developmental rates (1/
developmental periods) and temperature was ana-
lyzed using linear and nonlinear functions. The lower
developmental threshold (LDT, ——) and thermal
constant (K, —) were estimated using a linear func-
tion (y= aT+b where y=developmental rate, and
T=assessed temperature) (Campbell et al., 1974),
the parameters of the linear equation were estimated
using the TableCurve 2D program (1996).

Among the numerous nonlinear equations
that have been proposed to describe the relation-
ship between developmental rates and temperature
(Kim et al., 2017; Kontodimas et al., 2004; Mirhos-
seini et al., 2017; Ratkowsky & Reddy, 2017; Roy
et al., 2002; Shi et al., 2016, 2017), we selected the
LobryRossoFlandrois (LRF) model and the Sharpe-
Schoolfieldlkemoto (SSI) models based on the evalu-
ation by Ratkowsky and Reddy (2017) and Shi et al.
(2017).

ey

M()pt (

Tupt - Tmin) [(Topt - Tn ) (T Tapl) - (Topl -

Tae) (T + T,

opt min

—2T)]

Prior to its introduction by Ratkowsky and Reddy
(2017), the LRF model had not been extensively
applied in the insect population. The model is nota-
ble in that all parameters of the model have biologi-
cal meaning (Lobry et al., 1991; Ratkowsky & Reddy,
2017; Rosso et al., 1993). In the Eq. (1), #(T) is the
developmental rate (1/developmental time) at dif-
ferent absolute temperatures (°K); 7 is the absolute
temperature (°K); 4, is the development rate at the
optimum temperature; 7, is the optimal temperature
for development; 7, is the temperature above which
no development occurs; and 7,,;, is the temperature
below which development is no longer observed.

NV
P¢T—CXP[— (T_¢ ;)]

1+CXP[AHL(— - ;)] +explw<# — %)J

@

«T) =

The SSI model based on thermodynamics was
proposed by Sharpe and DeMichele (1977) and sub-
sequently modified by Schoolfield et al. (1981) and
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Ikemoto (2005). The model presents temperature-
dependent reaction rates of active temperature ranges
for a theoretical rate-controlling enzyme. Parameters of
the SSI model were estimated using an R Core Team
(2015) developed by Shi et al. (2017). In the Eq. (2),
r(T) represents the developmental rate at absolute tem-
perature T (°K); AHA, AHL, and AHH are enthalpy
changes (Jmol™); R is the universal gas constant; Py
is the developmental rate at T¢; TL and TH are tem-
peratures at which the rate-controlling enzyme has
equal probability of being active or inactive depending
on low or high temperature inactivation, respectively;
and T is the intrinsic optimum temperature at which
the species can optimize its fitness to the environment
(Ikemoto, 2005; Sharpe & DeMichele, 1977).

The probability of the rate-controlling enzyme in
the active state is given by Eq. (3).

1

Py(T) =
)] +exp[=—

AHH
(=

_ l)]

TH T

3

1 +ex [A”L(T

L
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The maximum probability of P,(T) is observed at
T,

The relationship between the cumulative propor-
tion of stage-specific emergence distribution and nor-
malized developmental times (developmental time/
mean developmental period) was estimated using the
two-parameter Weibull function (Wagner et al., 1984;
Weibull, 1951). The parameters for the Weibull func-
tion were estimated using the least- squares method.

Fi=1 —exp[—(é)h] C)]

where F(t) is the cumulative frequency at normalized
time t, and a and b are the parameters of the Weibull
function.

Adult emergence simulation The proportion of
Z. cucurbitae adult emergence was simulated with
respect to constant temperature (°C) and time (day)
by combining the two nonlinear functions and the
Weibull function as follows:

b
F(Px,T)=1- exp(—(@) ) 5)

where F(Px; T) is the emergence frequency of Z
cucurbitae adults at time x; and constant temperature
T(°C), x; is time (day), r(T) is the developmental rate
from the selected model, and a and b are parameters
from the Weibull equation. Physiological age (Px;)
is the accumulated development rates under differ-
ent temperatures from the first day to the i day of
a cohort and the input for the distribution model is
applied to produce the cumulative proportion of a
cohort at the i day. The values of Fi (Px;, T) were esti-
mated by subtracting the simulation result at time x,
from that at time x, ;.

Px; = / HT@)ldt ~ Z:’zlr(n)m 6)

Ty

Model validation

The distribution of adult Z. cucurbitae emergence
was examined to validate the immature stage emer-
gence model using a larvae artificial diet as a control.
Momordica charantia and Solanum lycopersicum L.,
which are general host plants of Z. cucurbitae, were

also used as food sources for validating the model in
an open greenhouse. The experiment of each treat-
ment was replicated 5 times.

Freshly laid eggs (approximately 200 eggs per con-
tainer (12X 12X 26 cm), < 3 h) from the colonies were
placed in 10 petri dishes (90X 15 mm) containing the
artificial diet medium. Each sample was placed in
a net container (12X 12x26 cm) filled with soil for
pupation. Newly emerged 50 males and 50 females
from the colonies were released into the containers
with either M. charantia or S. lycopersicum for ovi-
positioning and larval development and sawdust for
pupation. The emergence of the adults was examined
daily, with ambient temperature and humidity being
recorded at 1-h intervals using a HOBO tempera-
ture logger (Onset Computer, Co., MA, USA). Adult
emergence in the three different treatments was com-
pared with the predicted outputs simulated with the
immature stage emergence model for Z. cucurbitae.
Daily mean temperatures were used as the inputs for
the rate model. The summed development rates from
the date when the eggs were inoculated or adults were
released were used as the input for the distribution
model to determine the cumulative proportion that
completed the development of the immature stage.
The relationship between the observed and model-
predicted patterns of adult emergence was evaluated
by calculating the correlation coefficients (r* values).

Table 2 Developmental time (days) (mean=+ SEM) and hatch-
ability of Zeugodacus cucurbitae eggs at constant different
temperatures

Tem- No. examined Development time Hatchability
perature (days) (%)
§®) Mean + SEM

12.0 1000 -1 0
13.9 1000 6.5+0.05 a’ 18.5
16.1 1000 44+0.02b 73.8
19.9 1000 2.8+0.01c 82.8
24.7 1000 2.0+0.01d 83.7
28.6 1000 1.9+0.01e 79.3
32.6 1000 1.0+0.01 f 78.8
35.2 1000 1.0+0.01f 64.6

! It means egg could not hatch at temperature tested. *Means
followed by the same letter within a row are not signifi-
cantly different (P<0.05, Tukey studentized range test).
Fe, 6445=13,358.8, P <0.0001
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Table 3 Developmental time (days) (mean + SEM) for each life stage of Zeugodacus cucurbitae at constant different temperatures

Temper ature ~ No. examined Life Stage Survival (%)
O

Larva Pupa Larva to adult Pupation' Adult

emergence emergence’

139 200 24.3+0.51 a° 34.6+£0.56 a 59.3+0.50 a 15.5 6
16.1 200 16.1+£0.12b 29.2+0.17b 45.1+0.16 b 79.5 60
19.9 200 8.6+0.06 ¢ 15.7+£0.08 ¢ 243+0.11¢ 82.5 73
24.7 200 5.6+0.03d 10.0+£0.04d 15.6+0.04 d 87.5 76
28.6 200 44+0.04f 79+0.03 ¢ 12.2+0.03 e 88.5 82.5
32.6 200 42+0.03f 7.0+£0.02¢ 11.1+£0.02 e 90 60.5
352 200 5.0+0.06¢ 8.0+0.00 e 12.0+0.00 e 31.5 0.5

! It means the survivorship from larva to pupal stage. > It means the survivorship from larva to adult emergence. > Means followed
by the same letter within a row are not significantly different (P <0.05, Tukey studentized range test). Larva Fq 1493 =6665.99,
P <0.0001, Pupa Fg ¢9;=11,432.3, P<0.0001, Larva to adult emergence Fg g9;=25,412.3, P<0.0001

Estimating voltinism of Z. cucurbitae

Voltinism (i.e., the number of generations) deter-
mined based on the ambient temperature, LDTs, and
K values can contribute to gaining a better under-
standing of the phenology of insect pests in response
climate change, as well as characterizing the estab-
lishment of invasive species (Ahn et al., 2016; Chen
et al., 2011; Martin-Vertedor, 2010). We determined
the voltinism of Z. cucurbitae by dividing the cumu-
lative DDs per month by the K value of develop-
ment from the egg stage to adult emergence. As
sites for estimating voltinism, we randomly selected
10 cucumber cultivation locations from high to low
longitude in Taiwan (Toucheng, Cholan, Lishan,
Puli, Yuchi, Erlun, Tonan, Jhongpu, Thigh, and
Taisha; 24°85'50"N, 121°82"26"E; 24°31'48"N,
120°81'62"E; 24°24'50"N, 121°23"77"E; 23°97'39"N,
120°94'43"E; 23°89'74"'N, 120°93'32"E; 23°77'45"N,
120°40'08"E; 23°68'04"'N, 120°47'02"E; 23°42"71"N,
120°51'48"E;  23°14'90"N,  120°07'82"E; and
22°73'19"N, 120°33'86"E, respectively) and collected
weather data (daily maximum and minimum tempera-
tures) in 2019. On the basis of the biofix of January
1, we determined that the voltinism of Z. cucurbitae.

Results
With the exception of a temperature of 12.0 °C, at

which eggs did not hatch, Z. cucurbitae successfully
developed from the egg to the adult stage at all other
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assessed temperatures (Tables 2 and 3). The devel-
opmental periods of each life stage and larva to adult
emergence were found to be significantly influenced by
temperature (egg Fg ¢445=13,358.8, P<0.0001; larva
Fg 1408=6665.99, P<0.0001; pupa Fg 99;,=11,432.3,
P <0.0001; larva to adult emergence Fq g9, =25,412.3,
P <0.0001). In response to an increase in temperature
from 13.9 to 32.6 °C, there was a reduction in the time
required to complete development, and hatchability
was found to be highest at 24.7 °C and pupation was
highest at 28.6 °C. The development time of the egg
stage ranged from 6.5 days at 13.9 °C to 1.0 days at
35.2 °C. The developmental period from the larval
stage to adult emergence ranged from 59.3 days at
13.9 °C to 11.1 days at 32.6 °C. Female to male ratios
at 13.9, 16.1, 19.9, 24.7, 28.6, 32.6 and 35.2 °C were
0.5, 0.47, 0.47, 0.5, 0.51, 0.42, and 0.0, respectively.
The lower developmental threshold (LDT) and thermal
constant (K) for each life stage of Z. cucurbitae were
obtained by the linear regression analysis. The LDT
values of egg, larval and pupa stage were found to be
10.9, 11.0, and 10.4 °C, respectively (Table 4), and the
K values of these three stages were found to be 25.7,
76.6, and 144.5 degree-days (DD), respectively. For
the total immature period,2 we recorded LDT and K
values of 10.7 °C and 218.7 DD.

The estimated parameters of the two nonlin-
ear functions (LRF and SSI) are listed in Table 5.
The temperature-dependent development for each

2 Total immature period means from egg to pupal period.
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Table 4 Linear regression analysis for Zeugodacus cucurbitae

Life stage Linear regression LDT K
Egg -0.4240+40.0388 T 10.92 25.74
Larva -0.1435+4+0.0130 T 11.01 76.68
Pupa -0.0722+40.0069 T 10.43 144.51

Total immature -0.0491+0.0045 T 10.73 218.69

LDT means lower developmental threshold. K means ther-
mal constant. Egg F; 5=67.7678, P <0.0004, ?=0.93, Larva
F;, ;=3209.97, P<0.0001, ?=0.99, Pupa F; ;=428.24,
P2< 0.0002, r*=0.99, Total immature F 3= 852.76, P<0.0001,
rr=0.99

life stage and total immature development of Z.
cucurbitae from 5 to 40 °C were described by two
functions, and the curve performances plotted as
a right-skewed bell-shape (Fig. 1). The three criti-
cal temperature thresholds of the rate-controlling
enzyme for Z. cucurbitae at each life stage and
total immature development were estimated using
the SSI model (Fig. 1). The intrinsic optimum
temperatures of the control enzyme for egg, larva,
pupa, and the total immature period were 30.3,
24.4, 24.5 and 25.7 °C, respectively, and the tem-
perature window for the development of Z. cucur-
bitae could be approximated from the low (TL) to
high (TH) temperature thresholds. On the basis of

the LRF and SSI models, the temperature range for
total immature development was estimated to be
35.2 and 23.1 °C based on the LRF and SSI models,
respectively.

Completion of the stage-specific development
of Z. cucurbitae was well described by the Weibull
distribution function (Fig. 2; egg F; ;,=363.35,
P<0.0001, r*=0.96, a=0.9076, b=15.9006;
larva; F, 5,=1533.14, P<0.0001, ?=0.98,
a=1.0015, b=11.1349; pupa; F; ,5=1327.42,
P <0.0001, r*=0.98, a=0.9940, b=24.6789; total
immature period; F;. 29=3651.34, P <0.0001,
?=0.99, a=1.0026, b= 33.7718). The proportion
of adults emerging over the full range of assessed
constant temperatures was determined using the
two nonlinear functions and the complete develop-
ment process (a=1.0026, b=33.7718), with the
simulation results indicating that emergence was
influenced by two nonlinear functions (Fig. 3).
The emergence frequency of Z. cucurbitae adult
was highest at 12" day at 30 °C from two nonlin-
ear functions.

The estimated and observed values of adult
emergence obtained based on the model valida-
tion experiment using three different media are
presented in Fig. 4. The pattern of adult emer-
gence using an artificial diet was obtained using

Table 5 Parameters

. . Function Temperature (°C) Life Stage
estimates of two nonlinear
developmental rate models Egg Larva Pupa Total immature
for Zeugodacus cucurbitae
LRF Hopr 1.5616 0.2409 0.1429 0.0900
T ax 317.2991 312.2101 311.2276 313.3624
T,in 273.1508 279.0723 276.5751 278.1231
T 317.3004 304.5518 305.6342 305.6439
r? 0.95 0.99 0.99 0.99
SSI Py 0.7406 0.1774 0.0979 0.0699
T, 303.4758 297.5689 297.673 298.8893
AHA 13,609.30 13,259.65 14,319.43 12,121.75
AHL -145,191.4 -64,043.05 -48,302.79 -52,401.77
AHH 540,082.3 71,298.43 70,355.73 70,831.41
TL 285.5943 286.7584 284.181 286.4723
TH 309.1325 308.2825 308.7115 309.5994
x? 0.0114 0.0003 0.0004 0.0004
r? 0.97 0.99 0.99 0.99

LRF function—Egg F; ;=19.6867, P<0.0177, Larva F; ;=1511.54, P<0.0001, Pupa
F3 3=589.375, P<0.0001, Total immature F; ;=11,368.69, P <0.0001
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Fig. 1 Linear and two nonlinear functions fitted to the data of
developmental rates (day™') for each life stage of Zeugodacus
cucurbitae. The closed three squares from left to right repre-
sent the development rates at 72> T an Ty. Ty, and Ty which are

the two nonlinear models (LRF model: 2=0.97;
SSI model: r>=0.98). The emergence of Z.
cucurbitae adults started on the 11, and 15" day
after inoculating bitter gourd and tomato with
adults, respectively, and on the 12" day after
inoculating artificial diet with eggs. The corre-
sponding cumulative 50% adult emergence times
for artificial diet, M. charantia and S. lycopersi-
cum were the 12", 13" and 15" day post-inocula-
tion, respectively. Using the SSI model, we found
the estimated cumulative 50% adult emergence

@ Springer

temperatures at which the control enzyme has equal probability
to be active or inactive by low or high temperature inactiva-
tion, and T, is the intrinsic optimum temperature

date from bitter gourd was 1 day later than that
observed experimentally.

The voltinism of Z. cucurbitae by dividing the
cumulative DDs per month by the K value of devel-
opment from the egg stage to adult emergence, using
LDT and K values of 12.0°C and 218.69 DD obtained
in the present study, respectively. On the basis of the
biofix of January 1, we determined that the voltinism
of Z. cucurbitae ranged from 4.6 to 22.6 generations
over the 10 locations, and that the number of genera-
tions differed according to the season (Fig. 5).
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Fig. 2 Cumulative proportions of development completion for
each stage of Zeugodacus cucurbitae as a function of normal-
ized time (developmental time/mean developmental time). The

Discussion

In this study, we investigated the development of Z.
cucurbitae over a wide range of temperatures, deter-
mined the development times of each life stage, and
estimated critical parameters of biological processes
using linear and nonlinear functions. We accordingly
established that temperature influences the develop-
mental time of each of the life stages of Z. cucurbitae.
Complete development from the egg stage to adult
emergence occurred over a temperature range from
13.9 to 35.2°C, and that the development periods of
each life stage decreased in response to an increase
in the temperature (Tables 2 and 3). These results
are consistent with those reported for Z. cucurbitae

observed data was fitted by using the two-parameter Weibull
function (solid line). Solid dots are observed data

by Keck (1951) (15.5-35 °C), Koidsumi and Shibata
(1964) (12-34°C), Vargas et al. (1997) (16-32°C),
and Jiang (2005) (15-35°C). Furthermore, Nakamori
et al. (1978) found that adult emergence from the
pupal stage could occur from 14 to 32°C, whereas
Vayssieres et al. (2008) established that although a
proportion of eggs hatched at 35°C, complete devel-
opment did not occur at this temperature. Keck
(1951) observed that eggs did not hatch at tempera-
tures below 13°C or over 37°C. Similarly, Messenger
and Flitter (1958) assessed the effect of constant tem-
peratures ranging from 11.1 to 36.7°C and found that
eggs did not hatch at 11.1 and 36.7°C.

In the present study, we found that eggs took
2 days to develop at 24.7°C, which is longer than

@ Springer
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Fig. 3 Simulated temperature-dependent adult emergence of
Zeugodacus cucurbitae using two nonlinear functions. A: LRF
model, B: Sharpe-Schoolfield-Ikemoto model

the periods reported by other researchers (Table 6).
Conversely, however, the larval and pupal develop-
ment periods (5.6 days and 10 days, respectively)
determined at 24.7°C in the present study are shorter
than those were reported by other published papers
(Table 6). Furthermore, on the basis of cross-mating,
host preference, and genetic studies among melon fly
populations throughout its geographic range in Africa
and the Asia/Pacific region, Hendrichs et al. (2015)
reported an absence of sexual isolation and found
no evidence to indicate the existence of host races.
Although the colonies of Z. cucurbitae from present
study and Vargas et al., (1984, 1990, 1996, and 2000)
maintained in laboratory conditions using artificial
diets above 200 generations, we speculated that the
aforementioned differences could be attributed the
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Fig. 4 Comparison between observed and estimated val-
ues using artificial diet. Fitted curve is presented by LRF and
Sharpe-Schoolfield-lIkemoto models

differences in experimental conditions, such as exam-
ination intervals, food resources, and the origin of
populations. Examples of food sources mentioned in
previous studies are as follows: Vargas et al., (1996,
1997, and 2000) used wheat diets and papaya, respec-
tively, Jiang (2005) used bitter gourd, Vayssieres et al.
(2008) used Cucurbita pepo, and Mkiga and Mwata-
wala (2015) used Cucumis sativus, C. pepo and Cit-
rullus lanatus.
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Fig. 5 Estimated seasonal voltinism of Zeugodacus cucurbitae
and Bactrocera dorsalis based on the degree-day accumulation
at ten different locations, Taiwan, 2019

The K value of the immature stage fruit flies deter-
mined in the present study (218.69 DD) is similar to
that reported by Koidsumi and Shibata (1964) (230

Table 6 Temperature-dependent development time (days) of
Zeugodacus cucurbitae and source references in previous stud-
ies

Temperature(C) Stage References

Egg Larva Pupa

24.7 20 5.6 10.0 Present study

23.9 1.3 Keck (1951)

239 14 6.5 Messenger and Flitters
(1958)

25 1.3 7.6 9.6  Vargas et al (1984)

24 1.3 3.8 9.8  Vargas et al.(1990)

24 1.3 6.6 10.2  Vargas et al (1996)

24 1 6.3 11.9  Vargas et al (2000)

25 1.3 7.1 10.7  Jiang (2005)

25 1.3 45 12.7  Vayssieres et al. (2008)

25 1.3 46 11.5 Mkiga and Mwatawala

(2015)

DD) and Jiang (2005) (232.56 DD), although longer
than that reported by Vargas et al. (1984) (207.2 DD).
The LDT values we obtained for the egg, larval, and
pupal stages (10.9, 11.0, and 10.4°C, respectively) are
higher than those reported by Nakamori et al. (1978)
(9.1°C for the pupal stage), Jiang (2005) (9.6, 6.5,
and 8.1°C), and Vayssieres et al. (2008) (10.0, 7.3,
and 7.3°C), although are lower than those reported
by Messenger and Flitter (1958) (11.4°C for the egg
stage), and Mkiga and Mwatawala (2015) (15.88,
13.44, and 12.62°C). LDTs estimated using the linear
model are usually different depending on the temper-
ature range used, even within the same experiment,
and thus the thermal constants for the completion of
stage-specific development estimated vary along with
these different LDTs.

Temperature play a major role in altering voltinism
of Z. cucurbitae according to the location in Taiwan.
Seasonal pattern of voltinism at the location showed
much variation depending on the month with higher
values in summer (May—September). At eight loca-
tions, two generations were potentially achievable
from July to August. Comparatively, we found that
the K value of 218.69 DD obtained for Z. cucurbitae
was lower than that previously reported for the orien-
tal fruit fly Bactrocera dorsalis (Hendel) (325.5DD)
(Samayoa et al., 2018).

The demographic strategy of the immature stages
is an important component of relative successful com-
petition among different co-existing fruit fly species.
Although we did not examine the developmental peri-
ods of Z. cucurbitae and B. dorsalis using the same

Table 7 Parameters of the SSI model for different Zeugodacus
cucurbitae population from present and published data

Parameters References

Tphi TL TH Thermal range®

2573 1332 3645 23.13 Present study®

2991 13.73 3542 21.69 Keck (1951)°

26.58 10.18 36.41 2623 Yang, Zhou, et al.
(1994)°

2438 1625 33.01 16.75 Vargas and Carey
(1990) °

22.55 1045 3426 23.81 Jiang (2005)°

*Thermal range was calculated by subtracting the values of TL
from that of TH. ® Using the development periods from egg to
adult emergence. ¢ Using the length of preoviposition period
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artificial diets, the shorter immature development species an advantage over the oriental fruit fly. Vargas

times of the melon fly could conceivably give this et al., (1984, 1990, 1996, 2000) and Vayssieres et al.
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«Fig. 6 P, (T) is the probability that rate-controlling enzyme is
in the active stage. The closed three squares from left to right
represent the development rates at 7,7, an Ty. T; and Ty
which are temperatures at which the control enzyme has equal
probability to be active or inactive by low- or high-temperature
inactivation, and T is the intrinsic optimum temperature. A:
present study, B: Keck (1951), C: Yang, Carey, et al. (1994),
Yang, Zhou, et al. (1994)), D: Jiang (2005), and E: Vargas
et al. (1996)

(2008) have similarly found that immature develop-
mental times of Z. cucurbitae are shorter than those
of B. dorsalis, Bactrocera latifrons (Hendel), Cerati-
tis capitate (Wiedemann), and Dacus ciliatus Loew
irrespective of temperature or host plant. Conse-
quently, we speculate that Z. cucurbitae may have a
comparative survival advantage under circumstances
in which the eggs of different fruit fly species are laid
simultaneously within the same substrate (Duyck
et al., 2004).

In the present study, we analyzed the temperature
window (i.e., from TL to TH) for insect develop-
ment was analyzed using the SSI model (Dixon et al.,
2009; van der Have, 2002), and in this regard, De
Meyer et al. (2015) have suggested that Z. cucurbi-
tae populations can be subdivided into five main geo-
graphic groups (African continent, Western Indian
Ocean islands, Indian Subcontinent, South-East Asia,
and Hawaii). In Taiwan, China, and U.S., the range
of temperatures conductive to the development of the
immature stages of Z. cucurbitae are between 16.75
°C and 26.23 °C (Table 7 and Fig. 6), with the range
(26.23 °C) determined for a population from China
being wider than those of other populations (23.13 °C
in the present study and 16.75-21.69 °C in the U.S.).
The value of 23.13 °C determined for Z. cucurbitae
is wider than the previously reported thermal range
of B. dorsalis (20.39 °C) (Samayoa et al., 2018),
although was found to be narrower than the thermal
ranges of 29.16 °C and 24.84 °C reported for B. dor-
salis by Yang, Carey, et al. (1994) and Vargas et al.
(1996), respectively.

The results of this study provided fundamental
information regarding the thermal development of all
the life stages of Z. cucurbitae and described the rela-
tionship between temperature and this species’ devel-
opment. Z. cucurbitae can survive at all temperatures
between 13.9 °C and 35.2 °C. We determined the vol-
tinism variation of Z. cucurbitae based on the ambi-
ent temperature, LDTs, and K values. The estimated

parameters of linear and non-linear models could be
useful for predicting population fluctuation in the
field and establishing effective management programs
for Z. cucurbitae. Further studies may be needed to
investigate the biological performance of Z. cucurbi-
tae under fluctuating environmental temperatures.
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