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Abstract 
 The spider mite, Eotetranychus smithi Pritchard & Baker (Acari: Tetranychidae), exhibits a 
facultative diapause that occurs at the egg stage. Diapause was induced by low 
temperatures alone (≤ 17.5°C) and averted by high temperatures (≥ 20°C). Photoperiod had 
little effect on diapause induction. This is the first example of temperature-induced 
diapause in spider mites. The diapause eggs became larger and darker (orange) than non-
diapause eggs (white to pale yellow), suggesting that egg size and egg color are associated 
with diapause. When mites that were reared from eggs at 25°C and 16:8 L:D were 
transferred to 15°C and 16:8 L:D just after the start of the teleiochrysalis stage (the final 
molting stage before adulthood), all females laid non-diapause eggs during the first 30 days 
and then switched over to laying diapause eggs. The switch to diapause may be caused by 
the aging of mothers. 
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Introduction 
 
Many arthropods enter diapause to synchro-
nize their activities to favorable times and to 
enhance their survival during unfavorable pe-
riods in the year (Friedrich 1984; Tauber et al. 
1986; Danks 1987, 2007; Friberg et al. 2011). 
Diapause induction is not a direct response to 
unsuitable environmental conditions but is 
determined in advance by environmental cues 
that herald the approach of an unfavorable 
season. In the temperate zones, photoperiods 
mainly regulate the timing of the onset of dia-
pause, and temperatures can have a secondary 
effect by enhancing or inhibiting the induction 
of diapause by photoperiod (Claret and Carton 
1980; Tauber et al. 1986; Danks 1987). Nev-
ertheless, in some arthropods, diapause 
induction is controlled entirely by temperature 
alone (Danks 1987); high or low temperatures 
induce diapause at a single specific stage. Ex-
amples are the mosquito Aedes vexans 
(Friedrich 1984), the tobacco hornworm, 
Manduca sexta (Cantelo 1974), the pipevine 
swallowtail, Battus philenor (Sims and 
Shapiro 1983), and parasitoid wasps such as 
Trioxys complanatus (Flint 1980) and Lep-
topiliana boulardi (Claret and Carton 1980; 
Carton and Claret 1982). 
 
The spider mite, Eotetranychus smithi 
Pritchard & Baker (Acari: Tetranychidae), is a 
multivoltine species that infests various ber-
ries, roses, pears, and grapes in the United 
States, Brazil, and Asia, including China, Ko-
rea, and Japan (Jeppson et al. 1975; Ehara and 
Gotoh 2009; Mendonça et al. 2011). Eo-
tetranychus smithi is a potential pest of grape 
and strawberry in Japan, and sometimes out-
breaks occur in greenhouse cultivated crops 
(Itagaki 1998; Ehara and Gotoh 2009). The E. 
smithi Akitsu strain enters facultative diapause 
in the embryonic stage under 20°C/12 hr light 
and 10°C/12 hr dark conditions (Ashihara 

2001). More than 70% of the eggs laid at 
15°C constant temperature and under a 10:14 
L:D photoperiod were found to hatch (i.e., > 
70% non-diapause eggs) (Ashihara 2001). 
 
These observations indicate that diapause in-
duction is controlled by an appropriate 
combination of photoperiod and temperature. 
On the other hand, in the E. smithi Nagasaki 
strain, preliminary data suggest that low tem-
peratures (15 and 17.5°C) induce egg diapause 
independently of photoperiod. The former di-
apause response may be adaptive for E. smithi 
inhabiting a strawberry greenhouse, where 
night temperatures are much lower than day 
temperatures. The winter temperature in a 
strawberry greenhouse is around 8°C at night, 
even with gas heating, and is around 25°C 
during the day (24-hr average is 15–17°C) un-
der long-day conditions (16 hr light by 
artificial lighting). However, it is unknown 
whether E. smithi females lay non-diapause or 
diapause eggs under such conditions of fluc-
tuating temperature and long-day photoperiod. 
If egg diapause of E. smithi is exclusively in-
duced by low temperature, as in the latter 
case, all E. smithi females that underwent ju-
venile development under low temperatures 
(15–17°C) in a greenhouse might lay diapause 
eggs, and also adult females initially laying 
non-diapause eggs might, in response to low 
temperatures, switch to laying diapause eggs. 
Whether adult female mites are sensitive to 
the diapause-inducing low temperatures and 
can switch to laying diapause eggs needs to be 
clarified. 
 
The purpose of the present study was to test 
the hypothesis that switchover from non-
diapause to diapause status occurs in the adult 
stage of E. smithi. In the first experiment, eggs 
were kept and juveniles developed to adults 
under various combinations of photoperiod 
(16:8 L:D or 10:14 L:D) and temperature (15, 
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17.5, 20, or 25°C) to assess the effect of tem-
perature and photoperiod on egg type laid 
(diapause or non-diapause eggs). In a second 
experiment, teleiochrysalis females (final im-
mature resting stage) that had developed from 
egg onwards at 25°C and 16:8 L:D photoperi-
od were transferred to 15°C and a 16:8 L:D 
photoperiod, and subsequently the type was 
monitored of all eggs laid to clarify whether 
adult females can switch from producing non-
diapause to diapause eggs, or vice versa. 
 
Materials and Methods 
 
Several tens of E. smithi were collected origi-
nally from Rosa multiflora Thunb. (Rosales: 
Rosaceae) on 14 August 2007 at Kuchinotsu, 
Nagasaki, Japan (32°35’N; 130°10’E). Labor-
atory stocks were reared on leaf discs (ca. 16 
cm2) of either mulberry, Morus bombycis 
Koidz. (Moraceae) (July to September), or 
strawberry, Fragaria x ananassa Duchesne 
(Rosaceae) (race ‘Tochi-Otome’; October to 
June), placed on water-saturated polyurethane 
mats in plastic dishes (9 cm diameter, 2 cm 
depth) at 25 ± 1°C, 16:8 L:D photoperiod, and 
60–70% relative humidity. 
 
To determine the effects of temperature and 
photoperiod on induction of the embryonic 
diapause of E. smithi, groups of 20 inseminat-
ed female adults obtained from stock cultures 
were transferred onto leaf discs (5 cm diame-
ter) of strawberry and kept at 15, 17.5, 20, or 
25°C and 10:14 L:D or 16:8 L:D. Females 
were allowed to lay eggs for 24 hr under each 
set of these eight regimes. Eggs obtained were 
reared until all individuals reached the telei-
ochrysalis stage (final molting stage before 
adulthood). Single teleiochrysalis females (n = 
32–105) were individually placed on a straw-
berry leaf disc (1 cm diameter) with two male 
adults obtained from stock cultures for copu-
lation. All eggs except one were removed per 

female, and the remaining eggs were observed 
for 30 days to determine the duration of the 
egg period under the various conditions. The 
diameter of a random selection of 20 of these 
remaining eggs was measured using a binocu-
lar stereomicroscope (SZ-45, Olympus, 
www.olympus-global.com) equipped with an 
ocular micrometer (U-OSM, Olympus), and 
egg color was recorded. Eggs used in this ex-
periment were laid on the third or fourth day 
after the start of oviposition, that is, on day 
17, 15, 6, and 4 of adult life of females kept at 
15, 17.5, 20 and 25°C, respectively. On the 
third or fourth day, oviposition ranged from 1 
to 11 eggs/female/day, depending on tempera-
tures. 
 
To assess fecundity and longevity of females 
reared under the various conditions, females 
obtained from stock cultures were individually 
transferred onto strawberry leaf discs (1 cm 
diameter) and allowed to lay eggs for 24 hr at 
15°C/10:14 L:D, 15°C/16:8 L:D, 17.5°C/16:8 
L:D, or 25°C/16:8 L:D. On each leaf disc, one 
egg was left and reared until all individuals 
reached the teleiochrysalis stage. Two male 
adults from stock cultures were added to each 
teleiochrysalis female for copulation. Females 
were monitored, and eggs were counted daily. 
If a female had laid one or more eggs since 
the previous observation, she was transferred 
onto a new leaf disc (1 cm diameter) and this 
procedure was repeated until she died. Leaf 
discs with eggs were moved to the 25°C/16:8 
L:D condition and kept there for 10 days to 
determine whether these eggs would hatch or 
not. Egg duration of non-diapause eggs ranged 
from three to five days when females had 
been reared and oviposited at 25°C/16:8 L:D 
(see Table 1).  
 
A second batch of 20 teleiochrysalis females 
that had undergone juvenile development un-
der 25°C/16:8 L:D was transferred to 
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Table 1. Effects of temperature and photoperiod on egg duration 
(days) of Eotetranychus smithi. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
aNumber of eggs tested. As 2–5 unhatched eggs, shown in parentheses, 
were observed at 20 and 25°C, they were discarded from the calcula-
tion of egg duration. 
bData analyzed using ANOVA; ***: P < 0.001. Values followed by the 
same letters are not significantly different (Tukey's HSD test, p>0.05). 
cEggs did not hatch even if they were kept for > 30 days under each 
condition. 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 

Table 2. Effects of temperature and photoperiod on egg size and egg 
color of Eotetranychus smithi. 
 
 
 
 
 
 
 
 

 
aNumber of eggs tested. 
bData analyzed using ANOVA; ***: P < 0.001. Values followed by the 
same letters are not significantly different (Tukey's HSD test, P > 0.05). 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 

15°C/16:8 L:D (temperature-switch treat-
ment). Again, two male adults were added for 
copulation, and eggs were counted daily, as 
described above. The transfer of adult females 
to a lower temperature (same photoperiod) 
may provide more insight in the mite’s devel-
opmental phase sensitivity to diapause-
inducing stimuli. 
 
Data on egg period, egg size, oviposition peri-
od, pre- and post-oviposition periods, adult 
longevity, and total fecundity per female were 
analyzed using one-way analysis of variance 
(ANOVA) followed by Tukey’s honestly sig-
nificant difference (HSD) test for multiple 
comparisons. Numbers of diapause eggs and 
non-diapause eggs obtained from the tempera-

ture-changed condition were compared using 
a χ2-test. These statistical analyses were per-
formed using PASW ver. 18 for Windows 
(SPSS 2009). To normalize the data and to 
achieve variance homogeneity prior to 
ANOVA, all values were ln-transformed 
(Sokal and Rohlf 1995). 
 
 
Results 
 
At 15 and 17.5°C, all females laid diapause 
eggs regardless of the photoperiod (Table 1); 
no eggs hatched even if they were kept for 
more than 30 days at either of the various 
conditions. Mites that were maintained at 
temperatures of 20°C or higher laid non-
diapause eggs, and their incubation periods 
were about eight and four days at 20 and 
25°C, respectively (Table 1). In conclusion, 
induction of diapause in E. smithi is tempera-
ture dependent. 
 
Diapause eggs were larger than non-diapause 
eggs (P < 0.05, Tukey’s HSD test; Table 2). 
Diapause eggs were orange, whereas non-
diapause eggs were white to pale yellow. The-
se secondary characteristics are useful for 
discriminating diapause and non-diapause 
eggs because they provide the diapause status 
of eggs without the need to wait for hatching. 
 
Most females that were held at 15 or 17.5°C 
deposited diapause eggs throughout their 
lives, but a few females (n = 1–4) began to lay 
non-diapause eggs near the end of their lives 
(Figure 1A–C). By contrast, all females that 
had developed as juveniles under 25°C/16:8 
L:D and were transferred to 15°C/16:8 L:D at 
the beginning of the teleiochrysalis stage laid 
non-diapause eggs during the first 30 days of 
their lives and then began to lay diapause 
eggs. Interestingly, a few females (n = 3) re-
started to lay non-diapause eggs after 80 days 
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Figure 1. Age-specific female survival (%) and age-specific fecundity of 
females (n = 20) of Eotetranychus smithi under various sets of condi-
tions. E, N2, and C3 indicate egg, deutonymph, and teleiochrysalis, 
respectively. See text for details. High quality figures are available 
online. 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 

Table 3. Effects of temperature and photoperiod on various reproductive parameters and number of eggs laid in Eotetranychus smithi.a 
 
 
 
 
 
 
 

 
 

 

a20 females were tested at each condition. Data analyzed using ANOVA; ***: P < 0.001. Values followed by the same letters within a 
column are not significantly different (Tukey's HSD test, P > 0.05).           
bUnhatched orange eggs were regarded as diapause eggs. 
cAll eggs were white to pale yellow. 
dMites were transferred from 25°C to 15°C just after start of the teleiochrysalis stage. 
eSix unhatched eggs laid after 100 days of adult life were regarded as non-diapause eggs, because their color was white to pale yellow. 
fFemales first laid non-diapause eggs, next laid diapause eggs, and then laid non-diapause eggs again. 
 
 
 
 
 
 

 

(Figure 1D). The diapause eggs laid by fe-
males that had experienced the temperature 
switch were also orange and their average 
(±SE) size was 135.16 ± 1.127 µm (based on a 
sample of single eggs from 19 49- to 55-day-
old adult females), which is not significantly 
different from the size of eggs laid at con-

stantly low temperatures (P = 0.16, F4,94 = 
1.706). 
 
Under constant temperature and photoperiodic 
conditions, both the oviposition period and 
total longevity were shortened with increasing 
temperature, but they were 1.5 to 3 times 
longer under the temperature-switch condition 
(P < 0.05, Tukey’s HSD test; Table 3). Total 
fecundity under constant 17.5°C/16:8 L:D 
condition was significantly lower, and under 
constant 25°C/16:8 L:D condition it was sig-
nificantly higher than fecundity under the 
other conditions. Under the temperature-
switch treatment, females laid more diapause 
than non-diapause eggs (57 vs. 43%; P < 0.01, 
χ2 = 10.632). 
 
Discussion 
 
The present study clearly showed that low 
temperatures alone (≤ 17.5°C) induce dia-
pause in eggs of E. smithi independently of 
photoperiod. This is the first example of tem-
perature-induced diapause in spider mites. 
Temperature-induced diapause is not rare in 
tropical arthropod species, where seasonal 
variation in daylength is very small; for ex-
ample, the difference in daylength between 
summer and winter is only 7 min in Nairobi, 
Kenya (Denlinger 1974; Danks 1987). In tem-
perate zones, about 60% of female adults of 
the Japanese parasitoid wasp, Ooencyrtus 
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nezarae, entered reproductive diapause under 
15°C/16:8 L:D (Numata 1993), showing that 
low temperature alone can induce diapause for 
some adult females. Ashihara (2001), who 
used the Akitsu (34°19’N) strain of E. smithi, 
showed that more than 70% of eggs laid under 
15°C/10:14 L:D could hatch, whereas close to 
100% of eggs laid under 20°C/12 hr light and 
10°C/12 hr dark entered diapause. These find-
ings clearly differed from the findings of our 
study, despite the close similarity of rearing 
conditions in the two studies (10°C gap be-
tween high and low temperatures). We feel 
confident about our findings because we con-
firmed the diapause status of the eggs at 15 
and 17.5°C, both at 10:14 L:D and 16:8 L:D, 
both in the experiment on egg duration (Table 
1) and in the experiment on fecundity and 
longevity (Figure 1A–C). Further studies are 
needed to explain this discrepancy. 
 
The females of E. smithi that had first laid 
non-diapause eggs switched over to laying 
diapause eggs by day 30 of their adult life 
without any simultaneous changes in stimuli, 
such as temperature or photoperiod (Figure 
1D). The switchover in egg type has been 
demonstrated in another spider mite, Oligo-
nychus ununguis (Akita 1971), in which 
females first laid non-diapause eggs and then 
switched to laying diapause eggs without any 
environmental stimuli. Such switchover of 
diapause status may be due to the effect of 
maternal aging on diapause induction 
(Mousseau and Dingle 1991). In the blowfly, 
Calliphora vicina, non-diapause larvae devel-
oped from eggs that were laid on days 9, 11, 
or 18 by the adults kept at 20°C/18:6 L:D 
(Nesin et al. 1995). By contrast, diapause-
destined larvae were produced from eggs that 
were laid on days 24 or 31 by adults kept un-
der the same conditions. The diapause larvae 
accounted for 28% of the total progeny pro-
duced on day 24 and for 44% of the total 

progeny produced on day 31 (Nesin et al. 
1995). Thus, aged females of C. vicina can 
produce some diapause-destined progeny even 
under constant temperature and long-day con-
ditions. The switchover in diapause status may 
be adaptive for multivoltine species living in 
temperate zones. Females that experienced 
low temperatures can switch from non-
diapause to diapause status, but females do 
(and should) not react quickly to low tempera-
tures because of extreme fluctuations of 
autumn climate (Figure 1D). Females need to 
experience a threshold number of days of low 
temperatures to trigger the switch in diapause 
status of their eggs. Further studies are needed 
to determine how many cycles of low temper-
ature are required for the switchover of 
diapause status in E. smithi. 
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