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With 3 figures and 2 tables

Abstract: Climate change generally influences all the living world, including insects, so all organisms cope with these 
stresses to survive. Temperature rise leads to increased insect pest severity, while cold acclimation helps insects to survive 
in temperate areas in several complex ways. The Oriental fruit fly, Bactrocera dorsalis, is one of the most economically 
important invasive pests of fruits and vegetables worldwide. In this study, we investigated the effect of low (LT: 3 °C) 
and high (HT: 38 °C) temperature stress on key biological and population parameters of B. dorsalis using an age-stage, 
two-sex life table approach. The results showed that the mean developmental duration of the larval stage was significantly 
prolonged in both HT (6.82 d) and LT (7.80 d) compared to the untreated group (6.33 d). The developmental duration of 
pre-adult stage was substantially increased when treated with LT (19.57 d) and HT (18.03 d) as compared to control insects 
(17.51 d). Compared to the control, the mean longevity of male and female flies was significantly prolonged in both LT 
and HT treatments. The adult pre-oviposition period (APOP), total pre-oviposition period (TPOP), and oviposition days of 
B. dorsalis were increased under both temperature stress conditions. The number of eggs per female was also significantly 
higher in LT (869.70 eggs) and HT treatments (846.90 eggs) compared to control (684.56 eggs). Furthermore, the total 
population size of B. dorsalis was highest in HT treatment followed by LT compared to control after 100 d. This study 
reveals that temperature stresses at larval stage increased the reproduction, development, and life span of B. dorsalis, these 
altered biological traits during the heatwave and cold conditions could have significant agricultural impacts.
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1 Introduction

Climate change affects all living organisms, including 
insects, and only adapting organisms have a better chance 
of survival. It is among the factors that drive invasions of 
new ecologies. The invasive species can have far-reaching 
ecological and economic consequences in invaded areas 
(Hulme. 2009). Climate change may assist invasive spe-

cies by improving their probability of establishing if previ-
ously unsuitable environments have become more suitable 
(Hulme. 2009). In particular, this is true for insects, which 
are cold-blooded organisms that depend on local environ-
mental factors to survive and develop within their tempera-
ture ranges. The impact of climate change on the distribution 
of agricultural insects is a critical component for determin-
ing the future risk they pose to agricultural productivity and 
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trade. Extremely high summer temperatures are becoming 
increasingly common due to climate change. Because insects 
are poikilothermic, high temperatures often cause population 
fluctuations. Thermal variations impact physiological pro-
cesses (Feder et al. 1997) and ecological systems of most 
insect species, including sublethal or lethal extreme high 
temperatures (Easterling et al. 2000). The thermo regula-
tory behavior enhances the survival following exposure to 
extremely high temperatures (Woods et al. 2015). Extremely 
high temperatures in the initial stages may impact the perfor-
mance of later stages (Zhang et al. 2015).

Insects have a temperature range optimal for their repro-
duction and growth and their biological and physiological 
processes (Wang et al. 2020; Nika et al. 2021; Lumbierres 
et al. 2021). Heat stress occurs when temperatures rise over 
their typical range. The Oriental fruit fly, Bactrocera dorsalis 
Hendel (Diptera: Tephritidae), is one of the most economi-
cally important Tephritid species that causes severe damage 
to the production and trade of vegetables and fruits. This 
polyphagous pest infests more than 300 commercial/edible 
plants and wild hosts (Vargas et al. 2015). This pest is highly 
invasive, originated in Asia, and spread to many places 
throughout the globe (Vargas et al. 2015). Temperature is 
a critical abiotic environmental factor that influences many 
biological characteristics of insects (Yao et al. 2020). Under 
changing climates, organisms, including insects, have been 
demonstrated to vary their phenology, geographical ranges, 
trophic interactions, population dynamics, and community 
structure (Han et al. 2019). Previous studies focused on the 
impact of temperature on the development, survival rate, and 
fecundity of B. dorsalis under different temperature stress 
(Danjuma et al. 2014). Fiaboe et al. (2021) predicted tem-
peratures ranging between 20 and 30 °C as favorable for the 
development and survival of B. dorsalis. Moreover, they 
reported the optimal fecundity of B. dorsalis at temperatures 
between 20 to 25 °C.These studies revealed that the response 
of B. dorsalis to constant temperature in the laboratory varied 
among different populations, potentially leading to variances 
in understanding and forecasting B. dorsalis distribution and 
abundance. The mortality rate of Bactrocera tau (Walker) 
increased significantly when exposed to high temperatures 
(Huang et al. 2020). Lin et al. (2020) reported 85.3% mortal-
ity when the 3rd instar larvae of B. dorsalis were treated with 
0.5–1 °C for 3 d.

In addition to mortality, temperature is one of the key 
stress variables reported to affect insect biological traits 
(Huang et al. 2020; Cutler et al. 2022). Le Bourg. (2007) 
documented the hormesis effects on longevity, behavioral 
aging, and heat and cold shock resistance in aged flies treated 
with low-temperature stress. The fitness, field performance, 
and tolerance of Telenomus podisi Ashmead were increased 
following exposure to fluctuating temperature regimes 
(Castellanos et al. 2019). The high temperatures cause oxida-
tive damage by increasing the production of reactive oxygen 

species (ROS) (Zhang et al. 2014), and this oxidative stress 
increases the developmental duration and longevity of H. 
armigera and other insects (Zhang et al. 2017).

However,the effects of ongoing climate change on the 
life-history traits of B. dorsalis arepoorly studied. In this 
study, we used an age-stage, two-sex life table approach 
to evaluate the biological and demographic parameters of 
B. dorsalis under high (38 °C) and low-temperature stress 
(3 °C). These findings will provide in-depth knowledge 
about the impact of climate change on the biological param-
eters and population projection of B. dorsalis.

2 Materials and methods

2.1 Insect colony
Bactrocera dorsalis was collected from the colony main-
tained in the Insect Pest Management Program, National 
Agricultural Research Centre, Islamabad, Pakistan. The 
flies were cultured on an artificial diet in the laboratory for 
more than 10 generations. The colony was kept in the labo-
ratory at 28 ± 1 °C with 65 ± 5% relative humidity (RH) 
under a 14:10 (L:D) photoperiod. Adults were maintained 
in screened Plexiglas insect rearing cages (45 cm × 45 cm 
× 45 cm) and provided with an adult diet containing pro-
tein hydrolysate yeast (MP Biomedicals Inc.) and sugar (1:3 
by weight) and water ad libitum. The eggs were collected in 
perforated plastic bottles containing diluted guava juice. The 
eggs were incubated for 24 h and seeded on a standard wheat 
bran-based larval diet at the rate of 4–5 larvae/g. Pupae were 
collected in sawdust and placed in screened cages for the 
emergence of insects.

2.2  Impact of temperature stress on the 
mortality rate of Bactrocera dorsalis

The mortality of B. dorsalis at larval stage was evaluated 
following exposure to high temperature (HT: 38 °C) and 
low temperature (LT: 3 °C) as compared to control group. 
Thermal treatment was given in an incubator maintaining 65 
± 5% RH and 14:10 (L: D) h photoperiod. The larvae (4d 
old) were divided into five groups (one group for each day 
of treatment) that were exposed to either HT or LT for 1 to 
5 days. The larvae of control group for each day treatment 
were placed under standard laboratory conditions of 28 ± 
1 °C, 65 ± 5% RH, and a photoperiod of 14:10 L:D. Water 
was sprinkled externally to keep the diet wet. The treatment 
groups have three replicates, and each replicate contains 40 
individuals. The larvae were kept in Petri dishes containing 
an artificial diet, and the Petri dishes were placed in plastic 
boxes containing sawdust for pupation. After each exposure 
time, the treated larvae were placed in standard laboratory 
conditions of 28 ± 1 °C, 65 ± 5% RH, and 14:10 L:D pho-
toperiod, and the mortality were checked. The larvae that 
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could not show movement when touched or did not develop 
into the next instar were considered dead.

2.3 Life table experiments
The age-stage, two-sex life table was used to evaluate the 
biological and population parameters of B. dorsalis under 
high and low-temperature stress. For life table analysis, B. 
dorsalis eggs were collected from a plastic bottle with 1 mm 
holes that contained guava juice. The plastic boxes were put 
in the rearing cage for 3 h. Approximately 136, 132, and 135 
eggs for HT, LT, and control treatments were transferred to 
Petri dishes containing a fresh larval artificial diet. Eggs were 
kept under standard laboratory conditions with a constant 
temperature of 28 ± 1 °C, 65 ± 5% RH, and 14 h light/10 h 
dark photoperiod. The larvae (4d old) were exposed to HT 
and LT for 1 and 2 d, respectively. After exposure to HT and 
LT, the survived and healthy larvae (87 for HT and 84 for 
LT) were placed individually in micro cages containing an 
artificial larval diet under standard laboratory conditions (28 
± 1 °C, 65 ± 5% RH, and 14 h light/10 h dark photoperiod). 
In control treatment, 80 larvae were reared under standard 
laboratory conditions of 28 ± 1 °C, 65 ± 5% RH, and 14:10 
L:D photoperiod without exposure to temperature stress. The 
development duration and survival rate of larvae and pupae 
were recorded daily. After the adult emergence, we paired 
one male with one female and kept them in a small cage 
(15 × 15 × 20 cm). The couples were maintained on a protein 
adult diet, and water was provided ad libitum. The eggs were 
collected daily in a perforated plastic bottle containing com-
mercially available guava juice. The fecundity and survival 
of adult flies were observed until complete mortality of adult 
flies.

2.4 Data analysis
The mortality data of B. dorsalis were statistically analyzed 
using one-way analysis of variance with Tukey’s post hoc 
test (IBM, SPSS Statistics, version 22). Life table analysis 
of control, high temperature, and low temperature treated 
cohorts was performed using the age-stage, two-sex life 
table method (Chi & Liu. 1985; Chi. 1988; Chi et al. 2020).
The TWOSEX-MSChart computer program (Chi. 2022b) 
was used to analyze the development duration, longevities 
of males and females, adult pre-oviposition period (APOP), 
total pre-oviposition period (TPOP), oviposition days (Od), 
and fecundity (F) (eggs/female) as well as the demographic 
parameters such as intrinsic rate of increase (r), finite rate 
of increase (λ), net reproductive rate (R0), and mean genera-
tion time (T) were determined following. The variances and 
standard errors were estimated through 100,000 bootstrap 
replicates (Akca et al. 2015). Paired bootstrap test was used 
to evaluate the differences among all life table parameters 
of the control and temperature treated groups at 5 % sig-
nificance level based on the confidence interval of difference 
(Wei et al. 2020).

2.5 Population projection
The population projection began with 10 B. Dorsalis eggs 
and was projected for 100 d. The total population size at time 
t was calculated with eq. 1:
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where nxj,t is the number of individuals of age x and stage j at 
time t (Huang et al., 2018).

Then, we sorted the 100,000 bootstrap results of the λ 
to find the 2.5th and 97.5th percentiles (i.e., the 2,500th and 
97,500th sorted bootstrap samples) to show the variability of 
both projections. We then used bootstrap life table samples 
that generated the 2.5th and 97.5th percentiles of the λ to proj-
ect the population to represent the confidence interval of the 
projected populations (Huang et al. 2018). Projections were 
made by using TIMING-MSChart computer program (Chi. 
2022a) based on the method of Chi & Liu (1985) and Chi 
(1990).

3 Results

3.1  Mortality of Bactrocera dorsalis under high 
and low temperature stress

The mortality of Bactrocera dorsalis at larval stage follow-
ing exposure to HT and LT is shown in Fig. S1. The mortality 
rates of B. dorsalis increased significantly when exposed to 
high and low temperatures from 1 to 5 d. The high and low-
temperature treatment for 1 day caused significantly higher 
mortality of 33.3 and 15.8 % in B. dorsalis, respectively  
(F = 29.293; df = 2, 6; P< 0.001) as compared to control 
(Fig. S1). The mortality was increased to 42.5 and 36.7 % 
following exposure to HT and LT for 2 d (F = 44.096; df = 
2, 6; P< 0.001), while no mortality was observed in control 
group. After 3 d treatment, 66.7 and 68.3 % mortality was 
recorded for HT and LT (F = 56.586; df = 2, 6; P< 0.001), 
while 90 and 86.7 % mortality was observed after 4 d expo-
sure, respectively (F = 69.952; df = 2, 6; P< 0.001) (Fig. S1). 
100 % mortality was recorded in B. dorsalis following expo-
sure to both treatments (HT and LT) for 5 consecutive days 
(F = 586.714; df = 2, 6; P< 0.001), as compared to control 
group 4.2 and 7.5%, respectively.

3.2  Developmental duration and adult longevity 
of Bactrocera dorsalis

The mean developmental duration and adult longevity of B. 
dorsalis under high and low temperature stress are shown 
in Table 1. The mean developmental duration of the larval 
stage significantly increased (P<0.05) in HT (6.82 d) and 
LT (7.80 d) as compared to the untreated group (6.33 d). 
The developmental time of pupae was also significantly 
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increased (9.73 d) under low-temperature stress (P< 0.05). 
However, no significant differences was observed in pupal 
duration following exposure to the HT as compared to con-
trol group (Table 1). The pre-adult stage was significantly 
increased (P< 0.05) when treated with LT (19.57 d) and HT 
(18.03 d) as compared to control insects (17.51 d). The mean 
longevity of the males increased significantly (P< 0.05) in 
LT (59.20 d) and HT (57.18 d) treatments compared to the 
control (48.15 d). Similarly, female longevity was also sig-
nificantly prolonged (P< 0.05) following exposure to HT 
(63.13 d) and LT (60.58 d), as compared to control (51.16 d).
The mean adult longevity was statistically similar between 
males and females of B. dorsalis (Table 1).

3.3  Fecundity and demographic parameters of 
Bactrocera dorsalis

The impact of HT and LT treatments on the fecundity and 
key demographic parameters of B. dorsalis is shown in 
Table 2. The low and high-temperature treatments affected 
the APOP and TPOP. The APOP of B. dorsalis was signifi-
cantly (P< 0.05)decreased in HT (14.03 d) and LT (14.16 d) 

as compared to control (14.93 d) (Table 2). Similarly, TPOP 
was also significantly reduced following exposure to HT 
(31.55 d), while it increased in LT-treated insects (33.63 d) 
compared to control (32.43 d) (P< 0.05) (Table 2). Fecundity 
(eggs/female) of B. dorsalis was substantially increased (P< 
0.05) under both stress conditions (Table 2). The number 
of eggs per female was significantly higher in LT (869.70 
eggs) and HT treatments (846.90 eggs) compared to control 
(684.56 eggs). The oviposition days (Od) were significantly 
increased in HT (20.62 d) as compared to LT (18.06 d) and 
control treatments (18.06 d) (P< 0.05). The mean generation 
time of B. dorsalis was also notably increased in LT (41.71 d) 
as compared to HT (40.64 d) and control insects (39.86 d) 
(Table 2). The key demographic parameters, including r, λ, 
and R0, were increased in both HT and LT treatments com-
pared to control, albeit the differences were not statistically 
significant (Table 2).

The detailed age-stage survival rates (sxj) of B. dorsalis 
for different treatments are plotted in Fig. S2. The parameter 
sxj shows the probability that a newly born egg will survive 
to age x and develop to stage j. The overlapping of sxj curves 

Table 1.  Mean (± SE) duration of different developmental stages and total longevity (d) of Bactrocera dorsalis following exposure to 
high temperature (HT) and low temperature (LT).
Stages Control HT: 38 °C LT: 3 °C

Mean ± SEb Mean ± SEb Mean ± SEb

Eggs 2.13 ± 0.03 a 2.14 ± 0.04 a 2.07 ± 0.03 a
Larvae 6.33 ± 0.06 c 6.82 ± 0.10 b 7.80 ± 0.12 a
Pupae 9.19 ± 0.09 b 9.20 ± 0.12 b 9.73 ± 0.18 a
Preadult 17.51 ± 0.10 c 18.03 ± 0.17 b 19.57 ± 0.21 a
Adult longevity (Male) 48.15 ± 2.66 bA 57.18 ± 2.29 aA 59.20 ± 2.31 aA
Adult longevity (Female) 51.16 ± 2.40 bA 63.13 ± 2.92 aA 60.58 ± 1.89 aA

Standard errors were estimated by using the bootstrap technique with 100,000 resamplings. The difference was compared using the paired 
bootstrap test (P< 0.05). The means within a row followed by a different lowercase letters indicate significant differences between the treat-
ments, while different uppercase letters within the same column indicate significant differences between female and male adult longevity

Table 2.  Impact of high temperature (HT) and  low temperature (LT) on the fecundity and demographic parameters of Bactrocera 
dorsalis.

Parameters
Control HT: 38 °C LT: 3 °C

Mean ± SE Mean ± SE Mean ± SE
APOP (d) 14.93 ± 0.22 a 14.03 ± 0.27 b 14.16 ± 0.27 b
TPOP (d) 32.43± 0.29 b 31.55 ± 0.26 c 33.63 ± 0.41 a
Oviposition days (Od) 18.67 ± 0.76 ab 20.62 ± 0.75 a 18.06 ± 0.50 ab
Fecundity (eggs/female) (F) 684.56 ± 39.80 b 846.90 ± 46.34 a 869.70 ± 34.44 a
Mean generation time (d)(T) 39.86 ± 0.35 b 40.64 ± 0.41 ab 41.71 ± 0.60 a
Intrinsic rate of increase (d−1) (r) 0.1277 ± 0.0046 a 0.1295 ± 0.0048 a 0.1290 ± 0.0044 a
Finite rate of increase (d−1) (λ) 1.1362 ± 0.0052 a 1.1383 ± 0.0054 a 1.1377 ± 0.0050 a
Net reproductive rate (offspring/individual) (R0) 162.27 ± 26.71 a 193.04 ± 32.20 a 217.42 ± 33.79 a

Standard errors were estimated by using the bootstrap technique with 100,000 resamplings. The difference was compared using the paired 
bootstrap test (P< 0.05). The means within a row followed by a different lowercase letters indicate significant differences between the 
treatments.
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represents variations in developmental stages of HT, LT, and 
control groups (Fig. S2). The survival rate and developmen-
tal duration of larval and pupal stages were significantly 
increased in HT, and LT-treated B. dorsalis cohorts (Fig. S2). 
The adult longevities of male and female were also substan-
tially increased in HT and LT as compared to control cohorts 
(Fig. S2).

The age-specific survival rate (lx), age-specific fecundity 
(mx), and age-specific maternity (lxmx) of B. dorsalis cohorts 
following exposure to HT and LT are plotted in Fig. 1. The lx 
curves show the probability that an egg will survive to age x 
by ignoring stage differentiation (Fig. 1). The lx curves started 
to decline from 0.4 after 76 d in LT and 72 d in HT, as com-
pared to control cohort (60 d). The mx and lxmx curves show 
that reproduction began in LT cohort at the age of 25 d and 
ended at 85 d. In HT cohort, the reproduction started at the age 
of 27 and ended at 89 d. However, in control cohort, the repro-
duction began at the age of 28 d and ended at 75 d (Fig. 1).

The age stage-specific life expectancy (exj) of B. dorsalis 
after exposure to HT and LT are plotted in Fig. S3. Based on 
the age-stage, two-sex life table, the exj shows the expected 
life span that an individual of age x and stage j can live after 
age x (Fig. S3). The exj curves shows the longer life expec-
tancy of male and female in HT and LT cohorts as compared 
to control (Fig. S3). The age-stage-specific reproductive 
value (vxj) of B. dorsalis following exposure to HT and LT 
are presented in Fig. 2. The maximum vxj values were 300 
and 288 for B. dorsalis females in LT and HT cohorts respec-
tively, which is higher than in control group (276).

3.4 Population projection
The original, 2.5th and 97.5th percentile of projected B. dor-
salis population after short-term exposure to HT and LT, 
together with the control, were plotted in Figure 5. The total 
population size of B. dorsalis was highest in HT exposed B. 
dorsalis and projected to almost 500,000 individuals after 

Fig. 1.  Age-specific survival rate (lx), age-specific fecundity (mx), 
and age-specific maternity (lxmx) of Bactrocera dorsalis following 
exposure to high temperature (HT) and low temperature (LT).

Fig. 2.  Age-stage-specific reproductive value (vxj) of Bactrocera 
dorsalis  following  exposure  to  high  temperature  (HT)  and  low 
temperature (LT).
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100 d. The population size of control yielded the lowest 
population size estimate ~ 290,000, while the LT exposed 
population was projected to be nearly 315,000 individuals 
(Fig. 3).

4 Discussion

Insects change their phenology, geographic ranges, trophic 
interactions, population dynamics, and community structure 
in response to changing climates (Han et al. 2019). Thermal 

extremes influence insect responses to climate change, sig-
nificantly impacting pest control and biodiversity conserva-
tion (Ma et al. 2021). In this study, we reported the impact 
of short-term temperature stress (HT and LT) on key bio-
logical and demographic parameters of B. dorsalis. Results 
showed that high and low-temperature stress increased 
larval duration, adult life span, and female fecundity of B. 
dorsalis. High temperatures are usually associated with 
oxidative damage through increased generation of reactive 
oxygen species (ROS) (Zhang et al. 2014), and oxidative 
stress slows down the development and prolongsthe lifes-

Fig. 3.  Total population size (Nt) after population projection of Bactrocera dorsalis following exposure to high temperature (HT) and 
low temperature (LT) for 100 d (0-50 d and 50-100 d) using the life table data of the original cohort and the cohorts constructed based 
on the 2.5 and 97.5% percentiles of λ, finite rate of increase.
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pan of H. Armigera and other insects (Zhang et al. 2017). 
These results, combined with our study, imply that devel-
opmental delay leading to lifespan extension under various 
stresses may be a common phenomenon in insects. In sev-
eral studies, the intriguing concept of hormesis was raised 
to explain the fact that a toxic chemical has a lethal effect at 
high concentrations and can be beneficial for insects at a sub-
lethal concentration (Ullah et al. 2019; Cutler et al. 2022). 
Furthermore, cold stress causes oxidative damage in insects, 
and then a warm recovery time activates the antioxidant sys-
tem, allowing repair of damage caused by cold stress, result-
ing in increased lifespan (Lalouette et al. 2011). Zhang et al. 
(2015) reported that thermal stress (above 37 °C) is one of 
the factors that cause oxidative stress in insects. Jia et al. 
(2011) showed that low (–5, –2.5, 0, and 5 °C) and high (35, 
37.5, and 40 °C) temperature stresses induce oxidative dam-
age in B. dorsalis. In our study, temperature stresses might 
induce oxidative stress, which extended the developmental 
period, lifespan, and fecundity of B. dorsalis. As the larval 
stage of B. dorsalis causes great damage, the prolonged lar-
val duration would potentially have significant agricultural 
impacts, and increased fecundity may also affect the popula-
tion of B. dorsalis. Taken together, our results suggest that 
global warming can substantially affect the B. dorsalis popu-
lation and pest severity level, while cold acclimation helps 
this key pest to survive in temperate areas.

The mortality rate of B. dorsalis at the larval stage sig-
nificantly increased when exposed to HT and LT stress. Our 
results of high-temperature stress are in line with (Huang 
et al. 2020) that the mortality rate of B. tau was significantly 
increased when exposed to high temperature. Wang et al. 
(2014) reported 98.90 and 100 % mortality in the 3rd instar B. 
dorsalis larvae following exposure to 0 °C for 1 and 2 days, 
respectively. The mortality rate of 3rd instar B. dorsalis was 
85.3% after treatment with 0.5–1 °C for 3 d (Lin et al. 2020). 
These results showed that temperature stress causes mortal-
ity in the larval stage. However, the survived larvae benefit 
in the subsequent life stages after temperature stress condi-
tions. In this study, we choose 38 °C as HT for 1 day and 
3 °C as LT for 2 d exposure, which causes 33.3 and 36.7 % 
mortality, respectively, to check the impact of temperature 
stress on the subsequent life stages of survived larvae fol-
lowing exposure to these stress conditions.

Results showed that temperature stress influenced the 
duration of different developmental stages and the total lon-
gevity of B. dorsalis. The duration of the preadult stage was 
significantly increased when treated with low and high-tem-
perature stress compared to control. The mean longevities of 
B. dorsalis females and males were significantly increased 
following low and high-temperature exposure. Huang et al. 
(2020) reported that the developmental duration of B. tau 
increased significantly following exposure to high-temper-
ature stress (34 °C to 42 °C). The developmental durations 
of the egg, larval, and pupal stages of B. tau increased sig-
nificantly when treated to 42 °C compared to control (Huang 
et al. 2020). The developmental stage of insects increased 

when the ambient temperature was raised to an unsuitable 
temperature. Liu et al. (2005) also reported that the develop-
mental duration of B. tau was significantly prolonged when 
the ambient temperature exceeded 34 °C. The developmen-
tal duration of B. dorsalis larvae was significantly increased 
when exposed to high and low-temperature stress compared 
to control (25 °C)(Yang et al. 1994). Le Bourg. (2007) 
reported the hormetic effects on longevity, behavioral aging, 
and heat and cold shock resistance in aged flies following 
exposure to repeated cold shocks. Khazaeli et al. (1997) 
documented the extension of longevity in Drosophila mela-
nogaster following exposure to 36 °C. The total adult lon-
gevities of male and female B. tau were gradually extended 
with increasing temperatures (from 24 to 34 °C). However, 
the longevities were significantly decreased when the tem-
perature increased (from 38 to 42 °C) compared to the con-
trol (Huang et al. 2020). Wang et al. (2014) reported cold 
tolerance of different geographic populations of B. dorsalis 
with 34.4, 26.7, 21.2, and 14.4% mortality of 3rd instar larvae 
of Guangzhou (23.1 N), Xiamen (24.3 N), Fujian (26.0 N), 
and Wuxi (31.6 N) populations, respectively after the treat-
ments of 5°C for 6 h. Moreover, they demonstrated that B. 
dorsalis adapt to cold climates while expanding its northern 
distribution in China. However, the occurrence of this key 
pest substantially changed when it invaded and inhabited the 
more temperate zone of Wuxi.

According to Lithgow et al. (1995), heat exposure may 
increase longevity and thermotolerance in Caenorhabditis 
elegans (Maupas) by inducing the activity of hsps, which 
affects the ability of cells to cope with the degenerative 
effects of age and the environment. Considering the asso-
ciation between hsp70 and thermotolerance in Drosophila 
melanogaster Meigen (Feder 1995), some hsps might be 
involved in the increased longevity of adults associated with 
heat stress. However, further studies are needed to fully 
understand the potential effects of hsps on insect longevity.

The adult preoviposition period of B. dorsalis was signif-
icantly decreased in both high and low-temperature treated 
insects, while the oviposition was considerably increased fol-
lowing exposure to high-temperature stress. In contrast, the 
preoviposition period of B. tau was significantly increased 
when exposed to different short-term hightemperatures (24, 
34, 36, 38, and 40 °C) for 12 h (Huang et al. 2020). Moreover, 
the field performance and tolerance of T. podisi against low 
and high temperatures increased following exposure to tem-
perature stress (Castellanos et al. 2019). The population and 
predation projections of Harmonia axyridis Pallas were pro-
portional to the temperature (Islam et al. 2022). The overall 
life table of B. dorsalis in this study shows that low and high-
temperature stress stimulates key biological parameters that 
allow them to withstand stress conditions. However, there 
are several unresolved questions regarding temperature-
induced longevity extension and increased fecundity in B. 
dorsalis. Therefore, future investigations are necessary to 
validate these results at the molecular level, since increased 
transcriptional level of several genes during preconditioning 
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is often linked with stimulation of reproduction, longevity, 
and development of insects.

5 Conclusion

The results showed the impact of temperature stress on key 
biological and demographic parameters of B. dorsalis, using 
the age-stage, two-sex life table approach. The develop-
mental duration and total longevities of males and females 
were significantly increased following temperature stress. 
Moreover, the adult preoviposition period was decreased 
while the oviposition, fecundity, and total population size 
increased dramatically when treated with both stress condi-
tions. Taken together, the present study suggests that pro-
longed larval duration and increased fecundity of B. dorsalis 
during heat waves conditions could alter the pest severity 
level of B. dorsalisin the field. Using molecular techniques, 
future studies are necessary to investigate the functional 
analysis of genes responsible for altering the key biological 
traits of B. dorsalis during heat stress.
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Supplementary data 


 


- Equations for age-stage, two-sex life table analysis 


In the age-stage, two-sex life table (Chi & Su. 2006), the age-specific survival rate (lx) and (mx) 


were calculated using eq. 1 and 2: 
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where sxj denotes the likelihood of a newly born larvae surviving to age x and stage j. k is the 


number of stages and fxj is the age-stage specific fecundity of the individual at age x and stage j. 


The Od shows the number of days that females laid eggs and was calculated using eq. 3: 
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Where Nf  represents the number of female adults and Dx represent the number of days that a 


female produced offspring (Chen et al. 2018). 


  







The intrinsic rate of increase (r) shows population growth rate as the time approaches infinity 


and population reaches the stable age-stage distribution. The population would rise at a rate of 


per unit of time. The r was determined using the interactive bisection method and corrected with 


the Euler–Lotka equation with age indexed from 0 (Goodman. 1982): 
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The finite rate of increase (λ) shows population growth rate as the time approaches infinity, and 


population reaches the stable age stage distribution. The population size will increase at the rate 


of λ per time unit. The λ was calculated using eq. 5: 
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The R0 represents the cumulative number of eggs laid by a single female throughout her life. The 


R0 was calculated using eq. 6:  
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The T shows the period needed by a population to increase to R0-fold its current size when the 


stable rate of increase is reached. The T was calculated using eq. 7: 
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The age-stage specific, life expectancy (exj) shows the expected duration that an individual of age 


x and stage j will survive. The exj was calculated according to Chi & Su (2006) using eq. 8: 
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Where s′iy shows the probability that an individual of age x and stage j will survive to age i and 


stage y by assuming s′ = 1. 


Age-stage specific, reproductive value (vxj) shows the dedication to future offspring at age x and 


stage j. The vxj was calculated by using eq. 9 (Tuan et al. (2014a, b): 
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- Supplementary Figures 


 


 


 


Figure S1. Mortality of Bactrocera dorsalis at larval stage (4d old) following exposure to high 


temperature (HT) and low temperature (LT). 







 


Figure S2. Age-stage survival rate (sxj) of Bactrocera dorsalis following exposure to high 


temperature (HT) and low temperature (LT). 


  







 


Figure S3. Age-stage-specific life expectancy (exj) of Bactrocera dorsalis following exposure to 


high temperature (HT) and low temperature (LT).  
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