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Abstract The effect of five constant temperatures (16, 20, 24, 28 and 32 °C) on the devel-
opment, survival and reproduction of Tetranychus cinnabarinus (Boisduval) [= Tetranychus
urticae Koch (red form)] fed on cassava leaves was examined in the laboratory at 85%
relative humidity. Development time of various immature stages decreased with increasing
temperature, with total egg-to-adult development time varying from 27.7 to 6.7 days. The
lower thermal threshold for development was 10.8 °C and the thermal constant from egg
to adult was 142.4 degree-days. Pre- and post-oviposition period and female longevity all
decreased as temperature increased. The longest oviposition period was observed at 20 °C
with 20.4 days. Under different temperatures, mated females laid, on average, 1.0, 2.9, 4.7,
4.7 and 4.9 eggs per day, respectively. The maximum fecundity (81.5 eggs per female) was
at 28 °C and the intrinsic rate of increase (r,,) was highest (0.25) at 32 °C. The results of
this study indicate that 7. cinnabarinus population could increase rapidly when cassava
leaves serve as a food source. At the appropriate temperature 7. cinnabarinus could seri-
ously threaten growth of cassava.

Keywords Temperature - Tetranychus urticae - Development - Demographic parameter -
Cassava

Introduction

Cassava, Manihot esculenta Crantz (Euphorbiaceae), also known as manioc, tapi-

oca, and yuca, is a widely grown drought-tolerant crop that can be cultivated on mar-
ginal soils and can produce high yields given in favorable growing conditions. The
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carbohydrate storage capacity of its roots, including 30-35% starch, provides a major
source of calories for humans living in tropical regions (Howeler et al. 2013). Nowa-
days, cassava is one of the most widely cultivated tropical crops, with the primary
focus of much research aimed at conferring disease tolerance and increasing yield
(Bredeson et al. 2016). In 2005, China’s cassava planting area was 0.6 million hectares
with production totaling 11 million metric tons. This total yield accounted for approxi-
matley 35% of China’s total bioethanol production capacity (Baeyens et al. 2015).
Because suitable growing conditions for cassava are mainly confined to South and
Southwest China, increased ethanol production from this crop will depend on increas-
ing yield in these regions (Chen et al. 2016).

Approximately 45 species of phytophagous mites feed on cassava in the Americas,
Africa and Asia. Climatic conditions in several Asian cassava growing countries are
favorable for rapid dissemination and outbreaks of Mononychellus tanajoa, the cassava
green mite. The Tetranychus, or red spider mite, complex predominates in Asia, where
more than 10 species are reported from cassava (Bellotti 2008).

The carmine spider mite, Tetranychus cinnabarinus (Boisduval) [=Tetranychus
urticae Koch (red form); Auger et al. 2013] (Acari: Tetranychidae), is a polyphagous
species with nearly 100 host plant species, and is a serious pest in many cropping sys-
tems worldwide including various vegetables and fruits, cotton, and ornamentals (Luo
et al. 2014). It can quickly adapt to different hosts, developing damaging populations
on a variety of plants (Shen et al. 2016).

Temperature is usually the environmental factor with the greatest effect on develop-
mental rate of immature mites and other poikilotherms. To quantify the effect of tem-
perature on mite development, life stages of a given species may be held at constant
temperatures and the resultant development times can be used to estimate developmen-
tal rate curves (Southwood 1978). From these developmental rate curves, models can
be formulated to predict development time as a function of temperature. These models
are useful in making pest management decisions and can be used as components of
more comprehensive models for predicting population dynamics (Riahi et al. 2013).
Development of T. cinnabarinus has been studied by many authors. Thus, Wu et al.
(1988) and Gao et al. (2012) investigated its development at five temperatures, 15, 20,
25, 30 and 35 °C, finding a negative relationship between temperature and develop-
ment of T. cinnabarinus, as development of each immature stage was shortened with
increasing temperature.

At the same time, there are several studies that have developed life tables for 7. cin-
nabarinus fed on different hosts, such as Solanum melongena (Biswas 2004), Dianthus
caryophyllus (Tello et al. 2009), three varieties of muskmelon, Cucumis melo (Peralta
and Tello 2011), eight strawberry cultivars (Kazak and Kibritci 2008), and different
strains of Morus alba (Tao et al. 2005). However, few researchers have focused on T.
cinnabarinus feeding on cassava (Bellotti 2008; Pan et al. 2011). Initial investigations
of cassava planted in Dongxiang County, Jiangxi province of China, indicate that T.
cinnabarinus is a serious pest (Peng et al. 2014). The present study examined develop-
ment and reproduction of 7. cinnabarinus on cassava at five temperatures (16, 20, 24,
28 and 32 °C) under laboratory conditions. Response variables included development,
survival and fecundity rate, and life table parameters, which are important for predict-
ing population dynamics of 7. cinnabarinus under field conditions as well as for devel-
oping effective monitoring programs and management strategies for the pest.
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Materials and methods
Mite colony

Tetranychus cinnabarinus was originally collected from cassava in Dongxiang, Jiangxi
province, China, and was acclimated and propagated on cassava leaves for more than
1 year. In this study, mites were maintained in rearing units (McMurtry and Scriven
1964), consisting of a Petri dish (5 cm diameter) with a water-soaked sponge (3 cm
diameter, 1 cm thick). A piece of filter paper (3 cm diameter) with plastic film (2 cm
diameter) was placed on top of the sponge. The rearing units were kept in climate-
controlled incubators (RXZ-260B; Ningbo Dongnan Instrument, China) at 25+0.5 °C,
16D:8L photoperiod and 85% RH with the aid of an ultrasonic humidifier (D205; Bei-
jing Yadu Science and Technology, China).

Development of immature stages

To obtain synchronized eggs for the experiments, 100 adult female T. cinnabarinus
were taken from a stock colony and placed in the rearing units with fresh cassava leaves.
The rearing units with the mites were maintained at 25+0.5 °C, 85% RH and 16D:8L
photoperiod. Eggs laid by the female of T. cinnabarinus within 6 h were transferred to
new rearing units with a fine camel hair brush, one egg in each unit. Thereafter, these
new units were placed in climate-controlled incubators and the development of imma-
ture stages was recorded at 85% RH and five constant temperatures ranging from 16 to
32 °C, at 4 °C interval. Every 2 days, cassava leaves were replaced to provide abundant
fresh food for T. cinnabarinus in each rearing unit. The developmental stage of each
individual was recorded every 12 h until they molted to adults. The relationship between
temperature (T) and developmental rate (V), defined as the reciprocal of developmental
time (days), was determined by a linear regression model: V=a+bT, where a and b are
regression coefficients and estimated by means of least-squares regression. The lower
thermal threshold for development (C) was estimated by extrapolating the regression
line to the x-axis. The thermal constant K (sum of degree-days required for development
to maturity, DD) was estimated for each case as the reciprocal slope of the regression
line. Standard errors of C and K were computed as in Campbell et al. (1974).

Effect of temperature on longevity and reproduction

Newly-molted adult female 7. cinnabarinus at 16, 20, 24, 28 and 32 °C were singly
transferred into rearing units, together with five young males. Egg laying and survival of
females were recorded daily and leaves were changed every 2 days. Males that escaped
from the rearing units or died were replaced by new ones. Females that happened to
drowned in the wet filter paper or died because of improper handling were excluded
from data analysis. Parameters noted at each temperature were: pre-oviposition, ovipo-
sition and post-oviposition period, adult female longevity, average oviposition rate per
female per day (daily fecundity), total oviposition per female (fecundity) and offspring
sex ratio (% daughters).
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Life table parameters

A life table was constructed from the observed survival and fecundity rates for individu-
als. Parameters at constant temperatures were calculated by the methods of Andrewartha
and Birch (1954). The intrinsic rate of increase (r,,) was estimated by nonlinear regression
according to the function: Y.~ ' .me~"»* = 1 (Mou et al. 2015), where r,, is the intrinsic
rate of increase, x is female age in days, /, is the fraction of females surviving to age x (age-
specific survival rate), and m, is the expected number of daughters produced per female
alive at age x (age-specific fecundity rate), obtained by multiplying the number of eggs by
the age-specific sex ratio, which is defined as the proportion of females in the progeny (Roy
et al. 2003).

Net reproductive rate (R,) is given by Ry=2X[m,; mean generation time (7, days) by
T=2Xxl,mJR,; finite rate of increase (1) by A=¢""; and doubling time (DT) by DT =In 2/r,,
(Mou et al. 2015).

Data analysis

One-way ANOVA was used to detect the effect of temperature on developmental time of
immature stages, durations of pre-oviposition, oviposition and post-oviposition, longevity
and fecundity. Means were compared using Tukey’s honestly significant difference (HSD)
test. Besides, the equations describing the relationship between temperature and response
variables were determined. These data were presented as mean+ SE. The survival rates
and sex ratios of the progeny were compared using y? tests. Analyses were conducted using
SPSS v.13.0 (SPSS, 1989-2004).

Results
Effects of temperature on development of immature stages

Over the range of temperatures tested, 7. cinnabarinus fed on cassava leaves successfully
developed from egg to adult, but development of immature stages was influenced by tem-
perature (Table 1, Figure SIA-E).

The developmental rate of all immature stages increased linearly with temperature
(Table 2). The correlation coefficient associated with all developmental stages were very

Table 1 Mean (+ SE) developmental periods of Tetranychus cinnabarinus at five constant temperatures

Temperature (°C) Egg Larva Protonymph Deutonymph Immature

16 (n=25) 10.840+0.157e  6.380+0.498c  4.820+0.240d 5.620+0.305d 27.660+0.727e
20 (n=34) 6.250+0.085d  3.000+0.087b 2.662+0.062c 3.985+0.191c  15.897+0.214d
24 (n=22) 4.136+0.075¢  2.500+0.180b 1.955+0.230b 2.295+0.102b 10.886+0.339¢
28 (n=27) 3.315+0.054b  1.741+0.082a 1.426+0.064a 1.907+0.071b 8.389+0.114b
32 (n=31) 2.597+0.075a  1.661+0.085a 1.097+0.087a 1.371+0.074a 6.726+0.173a
Fy i34 1182.873 71.092 105.735 100.631 546.738

P <0.001 <0.001 <0.001 <0.001 <0.001

Means within a column followed by different letters are significantly different (Tukey’s HSD test: P <0.05)
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Table 2 Relationship between temperature and developmental rate of Tetranychus cinnabarinus (70 +10%
RH)

Stage Equation R? C (°O) K (degree days)
Egg V=0.0182T - 0.2003 0.998 10.926 53.873+1.174
Larva V=0.0283T —0.2656 0.956 10.921 31.402+2.996
Protonymph V=0.0434T —0.4989 0.994 11.072 24.325+0.870
Deutonymph V=0.0344T - 0.4021 0.977 11.005 31.230+3.180
Immature V=0.0070T -0.0771 0.999 10.841 142.380+1.481

C for the lower thermal threshold for development, K the thermal constant

high (R*>0.95), suggesting that the linear model accurately described the effect of tem-
perature on developmental rate of 7. cinnabarinus. The lower threshold temperatures for
egg, larva and protonymph varied from (mean+SE=) 10.92+1.21 to 11.07+2.34 °C
(Table 2), and the thermal constant for completion of egg, larva and protonymph ranged
from 24.33 +0.87 to 53.87 + 1.174 degree-days (Table 2). The lower developmental thresh-
old temperature (11.07 °C) for deutonymphs was highest and its thermal constant (24.33
degree-days) was the lowest compared to all other stages. The thermal constant was 142.38
degree-days for the whole generation.

Effects of temperature on the longevity and fecundity of female adult

As temperature increased, the longevity of T. cinnabarinus females decreased with the
shortest female longevity (17.81 days at 32 °C) being less than one-third of the longest
(54.19 days at 16 °C) (Table 3, Figure S1I). Although females laid eggs at all temperatures
examined, the duration of the pre-oviposition period varied with temperature (Table 3, Fig-
ure S1F). This period decreased with increasing temperature up to 32 °C, after which it
increased. The post-oviposition period had a maximum (3.45 days) at 24 °C and a mini-
mum (0.92 days) at 32 °C, but showed no clear trend with temperature. The oviposition
period at 32 °C was distinctly shorter compared with the other four temperatures. Females
had a significantly longer preovipostion period at 16 °C than at other temperatures. The
oviposition period was significantly shorter at 32 °C (Table 3, Figure S1G), whereas it
was similar at other temperatures. The post-oviposition period varied from 0.95+0.21 to
3.46+0.80 days and was also influenced by temperature (Table 3, Figure S1H). The total
number of eggs and daily egg production per female were highest in 28 °C, and were 81.54
and 4.73, respectively. The total number of eggs laid per female was significantly lower at
16 °C than at other temperatures (Table 3).

The ratio of oviposition period to longevity increased with temperature up to 28 °C.
They were 34.8, 51.3, 52.4, 62.1 and 47.2%, respectively, from 16 to 32 °C. At the optimal
temperature, 28 °C, T. cinnabarinus has a longer oviposition phase and a faster rate of
population increase than at any other of the experimental temperatures (Table 3).

As shown in Table 3, sex ratio varied little with temperature, ranging from 73.8 to
76.6% females with no significant difference among them (Table 3).

Age-specific survival and fecundity rate

The rates of age-specific survival (/,) and fecundity (m,) of T. cinnabarinus were greatly
influenced by temperature (Fig. 1). Age-specific survival rate (/,) started to decline earlier
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Fig. 1 Age-specific fecundity (m,) and survival (/,) over time (days, D) for Tetranychus cinnabarinus at 16,
20, 24, 28, and 32 °C

as temperature increased from 16 to 32 °C (Fig. 1, dotted lines). The first death of an adult
female occurred on day 12 at 32 °C, which was the earliest among all temperatures exam-
ined (15, 19, 23 and 32 days from 28 to 16 °C, respectively).

Age-specific fecundity rate (m,) peaked earlier as temperature increased from 16 to
32 °C. Among the five temperatures examined, the first oviposition occurred on day 27, 15,
11, 9 and 7, respectively.

Daily egg production peaked on day 50 (1.2 eggs/day), 50 (4.0 eggs/day), 18 (5.7 eggs/
day), 12 (6.4 eggs/day) and 12 (2.3 eggs/day) as temperature increased from 16 to 32 °C.
Daily egg productions per female at 24 and 28 °C were similar, but significantly higher
than at the other three temperatures. Therefore, the egg production per female had the same
trend. Though daily egg production per female was higher at 32 than at 20 °C, the total egg
production per female was less at 32 than at 20 °C due to the shorter oviposition period at
the former temperature.

Demographic parameters

The intrinsic rate of increase (r,,) and the finite rate of increase (1) reached the maximum
value at 32 °C (Table 4). The value of r,, varied from 0.07 to 0.25 day‘l, and A value
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Table 4 Life .table pa.rameters of Tempera- R, o day™)) T(days) DT (days) A (day™)
Tetranychus cinnabarinus at five ture (°C)

constant temperatures

16 15.158 0.068 43.173 11.005 1.070
20 46.400 0.131 30.156 5.447 1.140
24 60.991 0.198 20.788 3.505 1.219
28 65.231 0.227 18.413 3.055 1.255
32 32343 0.250 13.909 2.773 1.284

R, net reproductive rate, r,, intrinsic rate of increase, 7 mean genera-
tion time, DT doubling time, A finite rate of increase

ranged from 1.07 to 1.28 day~"'. Net reproductive rate (R,) was highest at 28 °C and lowest
at 16 °C. Population doubling time was as long as 11.01 days at 16 °C, but only 2.77 days
at 32 °C. Generation time decreased with increasing temperature, ranging from 43.17 to
13.91. DT and T were less than one-third of the longest.

Discussion

Although many researchers have reported life tables for T. cinnabarinus, few studies have
focused on this species fed on cassava. In the present paper, T. cinnabarinus, fed on cassava
leaves, successfully completed development over a temperature range from 16 to 32 °C,
with temperature having a significant effect on the development of various immature
stages. Population growth rates largely determine the pest status of spider mites and tem-
perature strongly affects population growth (Roy et al. 2003; Gotoh et al. 2010). Therefore,
knowing the temperature requirements of the different stages of mite pests can be used
to forecast their potential distribution and abundance (Maula and Khan 2016). Because
temperature so markedly affects developmental time as demonstrated by the present study
(from 28 day at 16 °C to 6.7 days at 32 °C), our results indicate that the intensity of moni-
toring programs aimed at detecting and managing this pest will vary greatly depending on
seasonal temperatures.

Development of T. cinnabarinus has been studied by many authors. Wu et al. (1988)
and Gao et al. (2012) investigated its development at five temperatures, 15, 20, 25, 30 and
35 °C. There was a clear negative relationship between temperature and developmental
time of T. cinnabarinus with each immature stage being shortened with increasing temper-
ature. Wu et al. (1988) reported that 7. cinnabarinus fed on leaves of broad bean required
6.0+1.18 to 26.8 +2.83 days for complete juvenile development at temperatures ranging
from 35 to 15 °C and 15:9 (L:D) photoperiod. Similarly, Gao et al. (2012) reported that the
immature stages of 7. cinnabarinus lasted from 6.1 +0.45 to 34.4 +1.66 days depending on
temperature. Results of the present study are similar in that higher temperature can drasti-
cally shorten the developmental time of T. cinnabarinus.

The lower thermal threshold for development was 11.29 °C and the thermal constant
was 157.07 degree-days in T. cinnabarinus fed on bean leaves (Gao et al. 2012). When
fed on mulberry leaves, they were 8.90 °C and 159.20 degree-days for a whole generation
(Tang et al. 1994). Lower thermal threshold temperatures of 8.2, 13.4 and 8.4 °C have been
reported for the susceptible, the abamectin-resistant, and the fenpropathrin-resistant strain
of T. cinnabarinus, respectively, fed on cowpea leaves (He et al. 2005). These findings
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indicate that even though different populations of 7. cinnabarinus share similar thermal
constants, lower thermal threshold for development may vary markedly.

The intrinsic rate of increase (r,,) is a key demographic parameter useful for predict-
ing the population growth potential of an animal under given environmental conditions
(Andrewartha and Birch 1954). Variation in development time of 7. cinnabarinus at similar
temperatures has been attributed to factors such as diet (host), photoperiod and relative
humidity. Wu et al. (1988) found that photoperiod and temperature could affect r,, value
of T. cinnabarinus population. As temperature increased from 20 to 35 °C, r,, values were
increased from 0.134 to 0.343 day™' at a photoperiod of 15L:9D, as well as from 0.172
to 0.284 day™! at a photoperiod of 9L:15D. In the present study, the r,, value was also
increased with temperature, similar to the results of Northcraft and Waston (1987). Like-
wise, the r,, value of T. cinnabarinus populations fed on M. alba increased from 0.077 to
0.333 day™' as temperature increased from 15 to 28 °C (Wang et al. 2008). However, high
temperature may also depress population growth. For instance, the research of Gao et al.
(2012) demonstrated that r,, values for T. cinnabarinus showed a humped pattern as tem-
perature increased from 15 to 35 °C. The r,, values in the present paper were slightly lower
than reported by previous researchers. This difference might be due to different hosts, rear-
ing methods and/or other environmental conditions such as relative humidity (Xia et al.
2012). More eggs were deposited at 24 °C and 38% RH than at any other combination of
temperatures and relative humidity, when 7. cinnabarinus was reared on bean (Hazan et al.
1974).

The host plant may influence the population dynamics of T. cinnabarinus. Liu and
Wu (1988) found that the development of T. cinnabarinus varied among six hosts at
29.5+0.5 °C, with r,, values on cotton, corn, green bean, sesame, watermelon and potato
of 0.218, 0.096, 0.306, 0.122, 0.231 and 0.311 day_l, respectively. The r,, values of T.
cinnabarinus fed on eggplant leaves were 0.087 (15L:9D) and 0.066 day~! (9L:15D) at
25 °C (Cu et al. 1994). Likewise, r,, values for T. cinnabarinus varied between cultivars
of closely related host species, with values on Xinong6071 (Morus bombycis, 2x), Hetian-
baisang (M. alba, 3x), Xinyizhilai (M. alba, 2x) and Dashi (Morus atropurpurea, 3X)
being 0.419, 0.371, 0.362 and 0.353 day™!, respectively, at 28 +1 °C (Wu et al. 2006), and
0.231 day_1 on Fengchisang (Morus sp.) at 26 + 1 °C (Tao et al. 2005). With three varieties
of muskmelon, C. melo, the values for r,, and R, of T. cinnabarinus were 0.22 day~" and 29
for Galia, 0.20 day~' and 45 for Cantaloupe and 0.19 day™' and 32 for Honeydew, respec-
tively (Peralta and Tello 2011). Fed on leaves of carnation, Dianthus caryophyllus, the r,,
values was 0.183 day™' (Tello et al. 2009). The r,, values of T. cinnabarinus fed on cassava
were higher at 32 °C than many of the values obtained when using the above-mentioned
host plants, indicating that cassava leaves are more suitable for its population increasing.

In the present study, mean generation time (7) and doubling time (D7) decreased with
increasing temperature. The same phenomenon has been reported in several other stud-
ies (Gao et al. 2012; He et al. 2005; Northcraft and Waston 1987; Tang et al. 1994; Wang
et al. 2008) indicating that high temperatures play a key role in accelerating population
growth of T. cinnabarinus. In field investigations, the peak populations of 7. cinnabarinus
coincided with the high temperatures experienced during August (Peng et al. 2014). On
the other hand, net reproductive rate (R,) increased with temperature up to 28 °C, decreas-
ing notably thereafter. Wang et al. (2008) made similar observations with respect to R,
when the temperature increased from 15 to 28 °C. However, a distinct, non-linear relation-
ship was observed when rearing temperature increased from 15 to 35 °C, with R, values
increasing followed by a steep decline at temperatures above 25 °C (32.97, 49.04, 99.64,
66.86 and 15.56) (Gao et al. 2012). These results indicate that higher temperatures may
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depress T. cinnabarinus populations, a fact that likely explains the observation of a second
population peak occurring in November which was higher than the one during summer
(Peng et al. 2014). The pattern may reflect that summer temperatures reached or exceeded
35 °C. At this temperature, r,, and R, decline to 0.28 day™! and 15.56, respectively (Gao
et al. 2012).

Several studies have reported a relatively stable offspring sex-ratio for T. cinnabarinus,
although this ratio may vary with temperature (Wang et al. 2008). Excluding pajaro and
sweet charlie cultivars, sex ratios of T. cinnabarinus on six strawberry cultivars were simi-
lar (Kazak and Kibritci, 2008). Offspring sex-ratio did not vary significantly with tempera-
ture between two strains of the carmine spider mite (70% at 25 °C and 75% at 30 °C). Sex
ratio was also similar for the strain studied on apples (73% at 25 °C and 77% at 30 °C)
(Sahraoui and Grissa 2006). Similar sex ratios were observed in the present study, indicat-
ing that temperature has no significant effect on the sex ratio of 7. cinnabarinus. The most
important arthropod pest affecting cassava is the cassava green mite, M. tanajoa (Poubom
et al. 2005). The highest r,, value of this pest was 0.28 at 31 °C (Yaninek et al. 1989),
which was similar to that with 7. cinnabarinus in the present paper. The studies of 7. cin-
nabarinus on cassava indicate that it has strong potential to be a serious pest of cassava,
especially if natural enemies are lacking. For instance, in the Zhanzhou area of Hainan
province, T. cinnabarinus increased very fast and resulted in serious damage from March
to June every year, indicating that it deserves serious attention as a potential pest (Fu et al.
1994). In a previous study, the same kind of damage was found in the cassava fields of
Jiangxi province (Peng et al. 2014).

More than 46 mite species were recorded from cassava fields in Mozambique, 46%
belonging to the Phytoseiidae. In Malawi, more than 52 species were recorded from cas-
sava fields, 62% of which were phytoseiids. Mites of this family were the most abundant
predators in many countries (Zannou et al. 2005). Neoseiulus barkeri is the dominant phy-
toseiid and was produced on an industrial scale in Jiangxi province (Xia et al. 2012). We
found that predation rate and a/T}, values (a for the attack rate coefficients, 7}, for the han-
dling time) of female of N. barkeri on T. cinnabarinus feeding on cassava leaves increased
with the rising temperature, with the former peaking at 28 °C and the latter being signifi-
cantly higher at 28 and 32 °C (Song et al. 2012). The potential for N. barkeri to serve as a
potential biological control agent against T. cinnabarinus in cassava should be evaluated in
the field.
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