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Abstract
With a generally warming global climate, the number of Tetranychus truncatus specimens 
in the Hexi region in China has been increasing. As ectotherms, the growth and develop-
ment of T. truncatus are greatly affected by changes in environmental temperature. The 
effect of heatwaves on organisms depends on a delicate balance between damage and repair 
periods. Therefore, we simulated nine patterns of periodically recurring changes in the fre-
quency of high-temperature days using an intraday gradual temperature change model to 
study and compare the effects on the development and reproduction of pyridaben-sensitive 
and -resistant strains of T. truncatus. The results showed that the influence of the frequency 
of high-temperature days on developmental stages, longevity and fecundity was differ-
ent between the two strains. The egg and immature stages of the sensitive strain were all 
affected by hot days, whereas the adult stage was less affected by the frequency. The egg 
stage of the resistant strain was less affected; it was mainly affected in the immature and 
adult stages. Under the moderate condition of increasing the proportion of days at normal 
temperature, the longevity of the resistant strain gradually increased and reached a maxi-
mum at a 1:3 frequency, and then it decreased with the increase in high-temperature days. 
The longevity of the sensitive strain was less affected by frequency, and there was no sig-
nificant difference between most treatment and control groups. In addition, both sensitive 
and resistant strains were able to complete growth and development under all nine frequen-
cies of high-temperature days, but the reproductive rate was lower than it was at normal 
temperatures, indicating that both strains of T. truncatus adapted to high temperatures at 
the expense of reduced reproduction rates. This lays a key theoretical foundation for pre-
dicting the occurrence of agricultural pest populations under the background of climate 
warming and developing appropriate control strategies.
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Introduction

Phytophagous mites comprise important harmful species that affect the production of many 
crops in greenhouses and fields worldwide. Tetranychus truncatus Ehara (Acari: Tetranych-
idae) is a harmful spider mite that infests various agricultural field and greenhouse crops, 
and its distribution is mostly limited to Asian countries, including Guam, Marianas, China, 
Indonesia, the Philippines, Taiwan, Bangladesh, Thailand, Vietnam, Iran, Japan, and Korea 
(Ullah et al. 2014; Alain and Franck 2019).

Tetranychus truncatus has a complex diet and has caused serious infestations on mul-
tiple plants, including soybean, corn (maize), and other food crops and vegetables; it even 
harms jujube, apple, and other fruit trees (Jin et  al. 2018). Especially in recent years, T. 
truncatus has become increasingly common in maize-producing areas in Northern China, 
and its damage rate has reached 10–30% (Zheng et al. 2016; Wang et al. 2021). Thus, the 
control of T. truncatus and other phytophagous mites is mostly dependent on frequent aca-
ricide applications. However, the high acaricide selection pressure on T. truncatus has led 
to the development of resistance to several commercially available acaricides (Thomas 
et al. 2010, 2014; Fariborz et al. 2019; Ma et al. 2020; Rimy et al. 2021). With the warm-
ing of the global climate, an increase in the frequency of herbivore attacks was recorded 
recently, and pest pressure is expected to increase in agriculture and forestry wrought by 
climate change (Pham and Hwang 2020). For example, the period during which T. trun-
catus can harm crops has been prolonged, and T. truncatus has even caused crop failure 
in some areas. However, higher temperatures or hot days also present major challenges 
for arthropod herbivores (Zhang et al. 2021). Under unfavorable environmental conditions, 
arthropods have undergone complex changes in physiological, biochemical (Karl et  al. 
2008, 2011; Zhang et al. 2016), and molecular repair mechanisms to regulate their individ-
ual growth, development, reproduction, and even stress tolerance to counteract the negative 
effects of high temperatures (Guillermo et al. 2011; Kuroki et al. 2019; Liu et al. 2021).

Many studies have focused on the effects of temperature fluctuations on the growth and 
development of spider mites and other arthropods (Bayu et al. 2017; Rismayani et al. 2021; 
Ullah and Lim 2015), and also studied the effects on animals of daily temperature range 
(DTR), the range between the highest and lowest temperatures (Tmax – Tmin) and the 
average daily temperature (Chen et al. 2015). However, the effect of heatwaves on organ-
isms should depend on the delicate balance between damage and repair periods, such as 
the mutual variation in the maximum daily temperature and the nightly minimum tempera-
ture, as well as the interval between short periods of extremely hot days and normal days 
(Zhang et  al. 2015). This will help us to understand and compare the potential implica-
tions of changing patterns in higher temperature events on arthropods due to global climate 
change (Ma et al. 2018).

The Hexi region of the Gansu province (Zhangye, Wuwei, and other cities) is located in 
the arid area of Northwest China. In recent years, the hybrid corn seed production indus-
try has developed rapidly. The seed production area is about 1.5 × 109 m2, accounting for 
60% of the total domestic output, and has become the largest hybrid corn seed produc-
tion base in China (Yin et  al. 2022). The maximum temperature of cropland in summer 
is 35–40 °C during the day and about 18–20 °C at night. The suitably low temperature at 
night counteracts the adverse effects of high temperature stress on mites, resulting in an 
increase in T. truncatus in this area; T. truncatus has become the main pest affecting corn. 
The mites have also become resistant to many acaricides, making control more difficult 
(Chen et al. 2014; Chang and Sun 2021).
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Zhang et  al. (2021) revealed the negative effect of high temperature on arthropod-
bacterial symbiosis, and the decrease of bacterial symbiosis led to the increase of its 
sensitivity to pesticides. Is there any other effect of high temperature variations on the 
resistance of arthropods to pesticides? Given the potential for changes in both resistance 
competence and life-history traits when temperatures fluctuate around different means, 
which could lead to altered population dynamics, we characterized responses by pyrid-
aben-sensitive and -resistant strains of T. truncatus from the Hexi region in China to 
various frequencies of high-temperature days in variable temperature modes. These data 
provide a necessary basis for exploring the adaptability of the two strains of T. truncatus 
to high temperatures, predicting the occurrence of agricultural pest populations under 
the background of climate warming, and developing appropriate control strategies.

Materials and methods

Mite source and mite strain isolation

Tetranychus truncatus were collected from a corn field that had been maintained with-
out any pesticide application in a suburb of Zhangye (38.93°N, 100.45°E), Gansu, 
China, in August 2018. We identified the mites based on a combination of morphology 
and molecular technology (DNA sequences) described in Matsuda et al. (2013) and Xin 
(1988). The mites were reared on young corn leaves in a controlled climatic chamber 
leaves at 25 ± 0.5 °C, 70 ± 5% RH, and L16:D8 photoperiod.

After being reared under these conditions for 2 years, these T. truncatus were consid-
ered a sensitive strain (SS). Some of the sensitive strains were then isolated and cultured 
with 15% pyridaben EC (Jiangsu Lanfeng Biochemical, Xuzhou, China), and the con-
centration of acaricide remained unchanged at the dose that killed 70% of the popula-
tion. After a year of administration, the population was tested using a toxicity assay, and 
the resistance index (RI) was calculated by comparing with the sensitive strain as fol-
lows: RI = LC50 for the cultured population/LC50 for the susceptible strain. RI was clas-
sified as follows: RI < 5 indicated susceptibility/low resistance, 5 < RR < 10 indicated 
moderate resistance, and RI > 10 indicated high resistance (World Health Organization 
2020; Hafez and Abbas 2021).

The pyridaben toxicity to T. truncatus is shown in Table 1. The results show that the 
resistance index reached 19.15, a more than 10-fold increase. This confirms that the 
Py-R strain may be regarded as a highly resistant strain.

Table 1   Pyridaben toxicity in respect of Tetranychus truncates 

SS sensitive strain, Py-R the resistant strain cultivated with pyridaben

Strain Regression equation Correlation 
coefficient 
R

χ2 LC50 (mg/L) (95% confidence Interval) Resistance 
index (RI)

SS y = 0.3416x − 4.4166 0.996 1.083 12.923 (8.079 ~ 14.362) –
Py-R y = 0.005886x − 1.6152 0.971 4.546 247.409 (174.037 ~ 484.859) 19.145
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Temperature regimes

In order to test how the diurnal variation in temperature and different high-temperature 
days affected the growth, development, and fecundity of T. truncatus, the design of the 
intervals of hot days (1–3 days) and normal days (1–3 days) was based on the method of 
Ma et al. (2018). There were three groups of high-temperature-day frequencies: (1) heat-
waves with different successive hot days but the same number of normal days (Fig. 1, col-
umns 1, 2, and 3); (2) heatwaves with the same successive hot days but a different number 
of normal days (Fig. 1, rows 1, 2, and 3); and (3) heatwaves with the same number of hot 
and normal days but differing in the absolute number of hot and normal days (Fig. 1, top-
left to bottom-right diagonal).

To simulate diurnal fluctuations in temperature in heatwaves, daily mean tempera-
ture and daily maximum and minimum temperature in the summer records for August 
in the Hexi region (100°26′E, 38°55′N) from 2014 to 2020 were downloaded from the 
China Meteorological Data Sharing Service System (http://​data.​cma.​cn/). The mites are 
most common in August in corn-producing areas of China. In our study regions, heat-
waves during that period usually last for 1–3 days with an interval of 1–3 days of normal 

Fig. 1   The alternation patterns of successive hot and normal days. Different panels show different combina-
tions of continuous hot and normal days separating high-temperature periods: (1) heatwaves with different 
successive hot days but the same number of normal days (columns 1, 2, and 3), (2) heatwaves with the same 
successive hot days but a different number of normal days (rows 1, 2, and 3), and (3) heatwaves with the 
same number of hot and normal days but differing in the absolute number of hot and normal days (top-left 
to bottom-right diagonal)

http://data.cma.cn/
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temperatures between heatwaves. Mites were exposed under this cyclic alternating pattern 
until they died.

According to the data, the daily maximum and minimum temperatures were set to 
38 and 18 °C, which represents a hot day. The maximum and minimum daily tempera-
tures for normal days were set to 25 and 18 °C. A sinusoidal curve was used to simulate 
hourly temperature changes during the hot weather and normal weather. These daily tem-
perature changes of 18–38 and 18–25 °C were mimicked in two growth chambers (RXZ-
280B; Jiangnan, Ningbo, China), and temperature data were displayed on a screen in these 
chambers.

Experimental protocol

We estimated the response of pyridaben-sensitive and -resistant strains of T. truncatus at 
different instars to various types of heatwaves in terms of the development time, longevity, 
and fecundity. Through a preliminary high-temperature test, it was found that some larvae 
had developed to the nymph stage before 3 days of high-temperature treatment. Therefore, 
in this experiment, instead of inspecting individual stages, the larval and nymph stages 
were combined and considered the immature stage. The sensitive and resistant strains 
were able to survive in this mild high-temperature mode. Almost all individuals were able 
to reach their physiological life span at a high temperature. Thus, the survival rate is not 
shown in the results. In the control group (CK), each mite was only placed in the climatic 
chamber that simulated the diurnal temperature fluctuation of normal days (18–25 °C), and 
no high-temperature frequency treatment was performed.

Egg stage treatment

A mature female mite was placed on each same-sized corn leaf in a Petri dish (3 cm diame-
ter, a cover with drilled air holes, with the gap between the dish and cover sealed with tape 
to prevent the mite from escaping) to lay eggs for 12 h and was then removed. All eggs 
except one were also removed; the Petri dishes with one egg each were then transferred 
to the climatic chambers for treatment. According to this method, 20 Petri dish with eggs 
were placed in a chamber that simulated the diurnal temperature fluctuations of hot and 
normal days. Each treatment was repeated 3×, totaling 60 Petri dishes.

Immature stage treatment

The rate of egg hatching, development time, and survival rate from the larval to nymph 
stage were checked once a day at 20:00 h. Different instars were identified by their exuviae.

Adult stage treatment

Mating was performed after mites entered the adult stage, and the reproduction of adults 
was then recorded once a day. New eggs were removed after each observation. The experi-
ment ended after all tested individuals had died.
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Statistical analysis

All statistical tests were performed using IBM-SPSS v.22 software (IBM, Armonk, NY, 
USA). For longevity, fecundity, and egg-to-adult development time, we used a multivariate 
analysis of variance (MANOVA) to test the effects of frequencies, strains, and frequencies × 
strains. Subsequently we compared life-history traits affected by different frequencies in the 
same strain using one-way ANOVA and  Tukey’s post hoc tests (α = 0.05). The differences 
of development duration, longevity and fecundity between the two strains were compared by 
independent-sample t test. Prior to the MANOVA, Box’s M test was used to test whether the 
variance-covariance matrix of the dependent variable of each observation group is equal. The 
Shapiro–Wilk method was used to test whether the three dependent variables of egg stage, 
immature stage and adult stage were normally distributed (p > 0.05), and Levene’s method 
was used to test whether the variance of cause variables in each group were equal (p > 0.05). 
Graphs were plotted using OriginPro 2018 (OriginLab, Northampton, MA, USA).

Results

Impact of high‑temperature day frequency on developmental stages

The Shapiro–Wilk test showed that the three dependent variables (egg, immature and adult 
stage) were normally distributed (p > 0.05); Levene’s test showed that the variances of cause 
variables in each group were equal (p > 0.05). There were significant interaction effects of fre-
quency and strain on the developmental stages of T. truncatus (MANOVA: F3,27 = 107.108, 
p < 0.05; Wilk’s Λ = 0.001; partial η2 = 0.959).

The interaction between frequency and strain had a significant effect on all stages (egg: 
F = 217.742, p < 0.05, partial η2 = 0.980; immature: F = 80.097, p < 0.05, partial η2 = 0.947; 
adult: F = 266.819, p < 0.05, partial η2 = 0.984).

Pairwise comparisons

The growth of sensitive and resistant strains differed significantly at all stages (Fig. 2). Com-
pared with the normal temperature, the resistant strain showed little change, but the sensitive 
strain showed a strong response: the incubation time of the eggs was prolonged after experi-
encing any of the various frequencies of high-temperature days. Development from larva to 
nymph of the resistant strain was affected by frequency, its development stage increased, and 
the significant difference between the resistant strain and the sensitive strain decreased. In the 
adult stage, due to the influence of frequency, there were significant differences in the survival 
time between the two strains. The adult stage of resistant strains was prolonged at the 1:3 and 
2:2 frequencies, whereas that of sensitive strains was shortened. Under the frequency of the 
maximum high-temperature days and the minimum normal-temperature days (3:1), the adult 
period of the two strains was the shortest.

Multiple comparisons

The developmental times of the egg, immature (larva to nymph), and adult stages of 
the sensitive and resistant strains were significantly affected by different frequencies of 
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high-temperature days (one-way ANOVA; egg, SS strain: F9,20 = 345.793, Py-R strain: 
F9,20 = 41.216; immature, SS strain: F9,20 = 111.645, Py-R strain: F9,20 = 329.460; 
adult, SS strain: F9,20 = 580.231, Py-R strain: F9,20 = 470.404, all p < 0.01) (Fig. 3).

The influence of frequency on the developmental duration of the resistant strain at 
the egg stage was significantly lower than that at other stages (Fig. 3). Under the 1:2, 
1:3, and 2:2 frequencies of high-temperature days, the development times of the imma-
ture and adult stages of the resistant strain were significantly higher than those of the 
control. The sensitive strain did not show this in the adult stage, but in the imma-
ture and egg stages, the development times under the influence of all nine frequencies 
were significantly higher than those of the control. The immature stage of the sensi-
tive strain had the longest development time at the frequencies of 1:1 and 1:2, and the 
development time of the egg stage was longest at the frequencies of 1:2 and 1:3.

Fig. 2   Mean (± SE) developmental time (days) of three stages of a pyridaben-sensitive strain (SS) and a 
pyridaben-resistant strain (Py-R) of Tetranychus truncatus at different high-temperature day frequencies. 
‘Hot day : normal day’ indicates the number of consecutive hot days between consecutive normal days. 
Asterisks indicate significant pairwise differences (independent-sample t test: *p < 0.05)
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Impact of high‑temperature frequency on longevity and fecundity

The Shapiro–Wilk test showed that the two dependent variables (longevity and fecun-
dity) were normally distributed (p > 0.05); Box’s M test showed that the variance–covar-
iance matrix of the two dependent variables in each group of independent variables was 
equal (p = 0.85); Levene’s test showed that the variances of cause variables in each 
group were equal (p > 0.05).

The interaction between the frequencies of high-temperature days and the strain 
had a significant effect on the dependent variables (F2,18 = 12.921, p < 0.05; Wilk’s 
Λ = 0.063; partial η2 = 0.749); that is, the influence of the frequency of high-temperature 
days on longevity and fecundity was different between the two strains. As can be seen 
in Table 2, the interaction between frequency and strain had a significant effect on the 
longevity and fecundity of T. truncatus.

Main effect of frequency and strains

The main effect of frequency on longevity and fecundity was significant (F2,18 = 73.137, 
p < 0.01; Wilk’s Λ = 0.003; partial η2 = 0.944). The effect of the strains was also signifi-
cant (F2,18 = 44.426, p < 0.01; Wilk’s Λ = 0.305; partial η2 = 0.695).

Fig. 3   Mean (± SE) developmental time (days) of three stages of a pyridaben-sensitive strain (SS) and a 
pyridaben-resistant strain (Py-R) of Tetranychus truncatus in nine high-temperature day frequencies. ‘Hot 
day : normal day’ indicates the number of consecutive hot days between consecutive normal days. Means 
within a stage and within a strain capped with a different letter are significantly different (Tukey’s test: 
p < 0.05)

Table 2   MANOVA results for longevity and fecundity

Factor Longevity Fecundity

F9,20 p Partial η2 F9,20 p Partial η2

Frequency × strain 7.374 < 0.0001 0.624 37.055 < 0.0001 0.893
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Pairwise comparisons

The pairwise comparison results of the average longevity and fecundity of the two strains 
under different frequencies are shown in Fig. 4.

Except for 1:2 and 3:1 frequencies, the influence of the other high-temperature 
day frequencies on longevity showed highly significant differences (1:1, mean differ-
ence (MD) = 6.718, p < 0.01; 1:3, MD = 2.822, p < 0.05; 2:1, MD = 5.814, p < 0.01; 
2:2, MD = 4.873, p < 0.01; 2:3, MD = 3.956, p < 0.05; 3:2, MD = 6.815, p < 0.01; 3:3, 
MD = 3.012, p < 0.05). Figure  4 shows that the longevity of resistant strains changed 
greatly, and was significantly different from that of sensitive strains under the influence 
of various frequencies of high-temperature days. For example, at the frequency of 1:3, the 
longevity of the resistant strain increased rapidly and was significantly higher than that of 
the sensitive strain (at room temperature, the longevity of the sensitive strain was signifi-
cantly higher than that of the resistant strain).

The influence of the three high-temperature day frequencies on fecundity showed 
large differences at 1:1, 1:3, 2:1, 2:2, and 2:3 frequencies (1:1, MD = 18.103, p < 0.01; 
1:3, MD = 22.902, p < 0.01; 2:1, MD = 4.794, p < 0.05; 2:2, MD = 8.374, p < 0.01; 2:3, 
MD = 4.274, p < 0.05). Under the influence of different high-temperature day frequencies, 
the fecundities of the sensitive and resistant strains experienced a decrease compared with 
normal-temperature days. There was no significant difference of fecundity between sensi-
tivity vs. resistance due to 3 days of high temperature and various days of normal tempera-
ture interval (3:1, 3:2, and 3:3). However, the fecundity of resistant strains was significantly 
higher than that of sensitive strains with different high-temperature days and a maximum 
interval of normal-temperature days (1:3 and 2:3).

Multiple comparisons

The longevity and fecundity of the sensitive (SS) and resistant (Py-R) strain were signifi-
cantly affected by different high-temperature day frequencies (one-way ANOVA; longevity, 

Fig. 4   Mean (± SE) longevity (days) and fecundity (no. eggs/female) of a pyridaben-sensitive strain (SS) 
and a pyridaben-resistant strain (Py-R) of Tetranychus truncatus in nine high-temperature day frequen-
cies. ‘Hot day : normal day’ indicates the number of consecutive hot days between consecutive nor-
mal days Asterisks indicate significant pairwise differences between strains (independent-sample t test: 
*0.01 < p < 0.05, **p < 0.01)
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SS strain: F9,20 = 9.185, Py-R strain: F9,20 = 23.970; fecundity, SS strain: F9,20 = 178.536, 
F9,20 = 106.674, all p < 0.01) (Fig.  5). Under different high-temperature day frequency 
treatments, the fecundity of the sensitive strain was lower than at normal temperatures, but 
longevity was little influenced. Except for the significant increase or decrease at the 2:2 
and 3:1 frequencies, there was no significant difference between the longevity of the other 
frequency treatments and the control.

The fecundity of the resistant strain was also obviously lower than that of the control, 
but the fecundity was significantly higher than that of the control at the 1:3 frequency. In 
addition, unlike the sensitive strain, the longevity of the resistant strain was significantly 
affected by high temperatures. Under the moderate condition of increasing the proportion 
of days at normal temperature, the longevity of the resistant strain gradually increased and 
reached a maximum at 1:3 frequency, which was significantly higher than that of the con-
trol (normal temperature). Then, the longevity of the resistant strain decreased with the 
increase in high-temperature days.

Discussion

Natural temperatures exhibit highly regular changes in time and space, such as circadian 
changes in temperature and seasonal periodic changes (Wang and Ma 2013). There are 
repetitive changes in the temperature of a natural environmental over a period of several 
days, which are specifically reflected in the occurrence of successive high- or low-temper-
ature days, and the occurrence of high- and low-temperature days alternates periodically 
(Tank et al. 2002). Therefore, periodically recurring high-temperature weather in the natu-
ral environment has an inevitable impact on the growth and development of arthropods. 
For example, after experiencing the same high temperature 4× in succession, adult Dros-
ophila melanogaster laid significantly fewer eggs than it did at room temperature (Krebs 
1994). Robinet et al. (2013) found that, after repeated high-temperature days, the egg and 
larval stages of Thaumetopoea pityocampa were both affected.

Fig. 5   Mean (± SE) fecundity (no. eggs/female) and longevity (days) of a pyridaben-sensitive strain (SS) 
and a pyridaben-resistant strain (Py-R) of  Tetranychus truncatus  in nine high-temperature day frequencies. 
‘Hot day : normal day’ indicates the number of consecutive hot days between consecutive normal days. 
Means within a strain capped with a different capital letter (fecundity) or lowercase letter (longevity) are 
significantly different (Tukey’s test:  p  < 0.05)
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We are the first to study how periodically recurring changes in high temperatures 
affect the development and reproduction of T. truncatus. We found that there were 
interaction effects between frequency and strain, and their effects on the longevity, 
fecundity, and developmental stages of T. truncatus were significant. Bowler and Ter-
blanche (2008) postulated that the heat resistance of arthropods decreases with the 
maturity of individuals. However, in some studies, the survival rate of arthropods in 
each life stage did not show obvious regularity (Ju et al. 2011; Bahrndorff et al. 2021; 
Zhao et al. 2022). Our experimental results showed that the egg and immature stages 
of the sensitive strain were all affected by hot days, whereas the adult stage was less 
affected by frequency. The egg stage of the resistant strain was less affected; it was 
mainly affected in the immature and adult stages. Therefore, the sensitivity of arthro-
pods to high temperature in different life-history stages cannot be summarized simply 
as increasing with the age of arthropods, but seems to vary according to species and 
experimental conditions.

There is evidence that repeated daily stress causes a significant decrease in both 
fertility and longevity in D. melanogaster females exposed to short-term heat stress. 
However, stressing insects weekly, only in the first 2 weeks after eclosion, caused 
a significant increase in the total level of fertility (Gruntenko et  al. 2021). Ma et  al. 
(2004) found that the closer the stage of periodic repeated high temperature action 
is to the adult stage, the more easily the reproduction is affected. We found that the 
reproductive rate of both sensitive and resistant strains were lower than those at normal 
temperatures under all nine frequencies of high-temperature days, but the fecundity of 
resistant strains was significantly affected by interval of the highest normal tempera-
ture days (1:3, 2:3).

Many studies have shown that, although high temperatures affect the longevity of 
arthropods, a low night temperature may delay the early death of adults to a certain 
extent. A low nighttime temperature phase after a high temperature provides sufficient 
energy in time for the synthesis of such substances as polyol compounds, cytoprotec-
tive agents or heat shock proteins; thus, the heat tolerance of arthropods may be effec-
tively restored, continuous daily high-temperature stress may be avoided, and arthro-
pods may continue to survive (Krebs and Loeschcke 1994; Terblanche et  al. 2010; 
Tank et al. 2002; Yan et al. 2013; Wang et al. 2019; Miao et al. 2020). This could be 
related to why the damage caused by mites in the summer was serious, as the diurnal 
temperature range in the Hexi area in China in our experiment was large.

We thus found that the relationship between high-temperature day frequency and 
phytophagous mites is of significance for predicting the occurrence of agricultural 
pest populations and formulating appropriate control strategies against the back-
ground of climate warming. However, the temperature patterns under study are not 
sufficiently systematic or comprehensive. Moreover, climate warming not only has a 
profound impact on the growth, development, reproduction, survival and reproduction 
of T. truncatus, but also on the competition among species, predation and parasitism 
of natural enemies, etc. The main direction in the next stage of research will involve 
an experimental design that more closely mimics the effect of actual high-temperature 
modes on mites in the field, a study of the high adaptive response of resistant mites to 
environmental changes, and the prediction of their behavioral, physiological, and adap-
tive molecular mechanisms. To expand the research object, also changes at the three 
trophic levels of plants, herbivores and natural enemies under the influence of high 
temperature will be studied.
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Conclusions

We found that the frequency of high-temperature days significantly affected the devel-
opment of different stages, longevity, and reproduction of T. truncatus. These character-
istics also showed significant differences between susceptible and resistant strains. The 
higher the number of normal-temperature days (vs. high-temperature days), the more 
the negative impact of high temperature can be offset. Moreover, the large diurnal tem-
perature difference in the Hexi area simulated in our experiment also results in the low 
night temperature repairing the adverse impact of daily high-temperature stress on mites 
to a certain extent. However, the adaptation of T. truncatus to high temperatures comes 
at the cost of reduced reproductive rates.
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