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Effects of constant and fluctuating temperatures
on development and reproduction of Megoura crassicauda
and Aphis craccivora (Hemiptera: Aphididae)
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1. Introduction
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The influence of fluctuating temperatures on the development and fecundity of
two aphids, Megoura crassicauda Mordvilko and Aphis craccivora Koch, were
determined by collecting life table data at a constant temperature (22 °C) and two
fluctuating temperatures (22 + 3 °C and 22 + 5 °C). The longevity of M. crassi-
cauda decreased significantly at 22 +3 °C and 22 + 5 °C, while there was no sig-
nificant difference in the longevity of A. craccivora among the three treatments.
The fecundity and intrinsic rate of increase () of M. crassicauda decreased sig-
nificantly at both fluctuating temperatures, while 4. craccivora showed the op-
posite tendency. These results showed that the fluctuating temperatures had neg-
ative impacts on the life history traits of M. crassicauda, but were beneficial for
A. craccivora. Data obtained under constant temperatures may not reveal accu-
rately enough the biotic responses of pests in the field.
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ment (Trudgill et al. 2005). Many researchers
conduct their studies under constant temperature

Biological control measures have been increas-
ingly adopted worldwide as an alternative means
of pest management. Knowledge of insect and
mite adaptations to climatic conditions plays an
essential role in biological control, specifically in
helping to predict the emergence of pests and the
scientific assessment and application of biologi-
cal control agents (Hoelmer & Kirk 2005). As
ectothermic organisms, the development and fe-
cundity of insects and mites are largely dependent
on the temperature of their surrounding environ-

conditions that have little, if any, variation. Con-
sequently, their reports on various insect activi-
ties are based on observations made under unfluc-
tuating temperature conditions. However, fluctu-
ating temperatures are more relevant ecologically
as compared to the temperatures that organisms
actually experience daily and seasonally in the
field (Lamb 1961, Hagstrum & Hagstrum 1970)
and in greenhouses (Tantau 1998, Pollet et al.
2009). In fact, many biological characteristics of
insect and mite species, including body size



(Beck 1983, Bahar et al. 2012), survival rate
(Colinet et al. 2006 & 2007, Carrington et al.
2013, Gotoh et al. 2014), developmental time
(Niederegger et al. 2010, Chen et al. 2013), sex
ratio (Vangansbeke et al. 2013), female fecundity
(Hagstrum & Leach 1973, Carrington et al
2013), population growth rates (Mironidis &
Savopoulou-Soultani 2008, Vangansbeke et al.
2013) and immune function (Karl et a/. 2011) can
differ greatly when organisms are reared at fluc-
tuating temperatures compared to constant tem-
peratures. The mechanisms responsible for these
developmental differences that occur at fluctuat-
ing versus constant temperatures are not com-
pletely known (Worner 1992, Liu et al. 1995,
Vangansbeke et al. 2015).

Broad bean (Vicia faba L.) is an important le-
gume crop and its planting area in China from
1961 to 2014 has generally been the widest in the
world (FAOSTAT, 2017). Megoura crassicauda
Mordvilko (= M. japonica Matsumura) and the
cowpea aphid, Aphis craccivora Koch (Hemipte-
ra: Aphididae), are key pests of broad bean, often
causing serious damage (Singh & Van Emden
1979, Zhou et al. 1996, Obopile & Ositile 2010).
Megoura crassicauda is an oligophagous aphid
which feeds selectively on Vicia plants such as
broad bean and narrowleaf vetch (Vicia angusti-
folia L.) (Fabaceae). Its body length of apterous
adult can reach 3.7 mm. Aphis craccivora is a
worldwide key pest of leguminous crops and veg-
etables. It has a host range of 200 species of
plants, leguminous and others, and can spread
more than 50 plant viruses (Stoetzel & Miller
2001). In biological control, the two aphids have
been used as natural prey for year-round culturing
of enemy insects under laboratory conditions
(Gong et al. 2006, Chen et al. 2013). Understand-
ing the effects of fluctuating temperatures on the
survival, development and reproduction of M.
crassicauda and A. craccivora are crucial for
forecasting, managing and taking advantage of
these two pests.

The life table is an important tool for deter-
mining biological characteristics and population
growth of pests under certain environmental con-
ditions (Bellows et al. 1992, Yu et al. 2013). In
this study, we collected and compared life table
data of M. crassicauda and A. craccivora under
constant and fluctuating temperatures to deter-

Cheng et al. + ENTOMOL. FENNICA Vol. 29

mine the influence of fluctuating temperatures on
the biological parameters of these two aphid spe-
cies.

2. Materials and methods

2.1. Stock cultures

Both M. crassicauda and A. craccivora were ob-
tained from the Institute of Plant and Environ-
mental Protection, Beijing Academy of Agricul-
ture and Forestry Sciences, Beijing, China in
2009 and reared on broadbean (var. “Chongli”)
plants that were approximately 20 d old. The
broadbean plants were grown in 12 cm diameter
plastic pots using a soil mix (peat moss: perlite =
3:1), and watered and fertilized as needed (Com-
post, COMPO Expert GmbH, Germany). The M.
crassicauda, A. craccivora cultures, and broad-
bean plants were kept in a controlled-climate
room at 22 = 1 °C, 60 + 5% RH and the photo-
period of 15:9 (L : D) h.

2.2. Experimental setup

The meteorological data for the city of Tai’an dur-
ing May of the years 2010 to 2015 were provided
by the China Meteorological Administration
(Fig. 1a). During those years, the average temper-
ature in May was 21.6 °C and the average maxi-
mum and minimum temperatures were 27.7 °C
and 15.6 °C, respectively. Before starting our
study, we considered several test conditions
found in literature, and found that by Htwe ef al.
(2013) most similar with the daily meteorological
data of Tai’an in May.

To simulate the effect of the above fluctuating
field temperatures on the development and fecun-
dity of M. crassicauda and A. craccivora, a con-
stant temperature (22 °C) and two fluctuating
temperatures (22 £3 °C and 22 + 5 °C) were used
in this study. The amplitudes of the fluctuating
temperatures were 6 °C and 10 °C, respectively.
The fluctuating temperatures were changed every
6 h from either the lower value (Tlow, 22 °C mi-
nus half of the amplitude) or the upper value (7' .
22 °C plus half of the amplitude) to 22 °C, but, in
doing so, the average daily temperature was
maintained at 22 °C (Htwe et al. 2013). The tem-
perature was increased or decreased at a rate of
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0.5 °C/min and was completed in 10 min. For ex-
ample, the temperature regime in the 22 + 3 °C
treatment was 19, 22, 25 and 22 °C during 00:00—
06:00, 06:00-12:00, 12:00-18:00 and 18:00—
24:00, respectively (Fig. 1b). The thermal error
was 0.5 °C. The photoperiod was 15:9 (L: D) h,
daylight hours were programmed for 06:00—
21:00. The relative humidity was 60 &+ 5% at each
temperature regime.

2.3. Life table study

In a preliminary test, insects were reared at tem-
peratures of 22 °C,22+3 °Cand 22+ 5 °Cincon-

I B— S

trolled artificial climate chambers under the 15:9
(L:D) h photocycle (2,000 lux) and the 70 + 5%
relative humidity. The life table experiments on
M. crassicauda and A. craccivora were con-
ducted by placing a 2-3 week old stem of the pre-
flowering broadbean plant (5 cm length) in each
Petri dish (9.0 cm diameter, 3.0 cm height), along
with a moistened cotton ball to keep the
broadbean leaves and the stem fresh. The plants
were replaced with fresh ones when necessary
(2-3 d). Although we used stem segments, the
above measures were adequate to keep them fresh
for the relative short time of 2-3 d. We do not ei-
ther consider transferring the aphids from plant
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Table 1. Developmental time and fecundity (mean + SE) of Megoura crassicauda and Aphis craccivora at con-

stant and fluctuating temperatures.

Parameter 22 °C 22+3°C 22+5°C
First instar (d)

M. crassicauda 1.7+£0.1a* 1.7+0.1a* 1.7+0.1a*

A. craccivora 20+0.0 a* 1.4 +0.1b* 14 +0.1b*
Second instar (d)

M. crassicauda 1.6+£0.1a* 1.4 +£0.1b* 1.5+0.1ab

A. craccivora 1.1+£0.1b* 1.1+0.1b* 14+0.1a
Third instar (d)

M. crassicauda 1.7x01a 1.7+0.1a 1.6+0.1a*

A. craccivora 1.8+x0.1a 1.5+£01b 1.3+£0.1b*
Fourth instar (d)

M. crassicauda 20x+0.0a* 21+0.1a* 20+0.0a*

A. craccivora 23+0.1a* 1.7+£0.1 b* 1.7+0.1b*
Preadult period (d)

M. crassicauda 71+01a 6.9+0.1 ab* 6.8 +0.1b*

A. craccivora 71+01a 57+0.2b* 5.8+0.1b*
Adult period (d)

M. crassicauda 214 +1.0a* 155+11b 11.0£0.8c*

A. craccivora 11.6+1.2b* 14.0+£1.2b 184 +1.4a*
Longevity (d)

M. crassicauda 28.4+0.9a* 216+1.2b 176 +£0.8c*

A. craccivora 18.6+1.2a* 18.3+1.3a 21.2+16a*
Oviposition period (d)

M. crassicauda 16.4+0.6 a* 126+0.8b 9.3+0.7c*

A. craccivora 11.0+1.1b* 124+10b 15.6+1.2a*
Fecundity (nymphs/female)

M. crassicauda 86.8+3.4 a* 584+40b 446 + 3.7 c*

A. craccivora 52.7+4.8 b* 66.4+50a 73.3+56a"

Means for the same species in the same row followed by different letters are significantly different; Means for different species at
the same temperature regime followed by an asterisk (*) are significantly different. Paired bootstrap tests, P < 0.05.

segments to others every 2-3 d having been a no-
table cause of disturbance for the aphids. This is
because M. crassicauda and A. craccivora are
relatively active species and it was easy to trans-
fer them after touching their antennas by a small
brush. We did not use potted plants, because the
nutrient levels of plants probably differ with their
growing stage. For example, in a preliminary test,
we found that aphids feeding on younger plants
grew faster than those on older plants. In addition,
stem segments occupy less space than potted
plants, i.e. the former ones were more suitable for
our artificial climate chambers.

A random apterous aphid female was placed
on the bean plant stem of each petri dish and al-
lowed to produce nymphs overnight. After 24 h,
the adult and all but one nymph were removed
and the single remaining first instar nymph was
allowed to develop on the broadbean stem. Each

Petri dish was checked daily and the development
and reproduction of the individual was recorded
until death. The sample size was 62, 50, 57 indi-
viduals (petri dishes) for M. crassicauda popula-
tion and 53, 50, 50 individuals for 4. craccivora
population in the 22 °C,22+3 °Cand 22 +£5 °C
treatment, respectively.

2.4. Life table analysis

The life history raw data of M. crassicauda and A.
craccivora obtained at the constant and the two
fluctuating temperatures were analyzed using the
age-stage, two-sex life table theory developed by
Chi and Liu (1985) and Chi (1988) to allow inclu-
sion of the variable developmental rate that exists
among individuals in a diverse population. We
had only female aphids in our population. How-
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ever, the above approach allows missing males,
i.e. it does not affect the results obtained for fe-
males. The age-stage, two-sex life table can (and
should) also be applied for parthenogenetic popu-
lations, because contrary to the traditional fe-
male-based life table, it takes the pre-adult devel-
opment and mortality into account and thus pro-
vides more accurate estimates of population pa-
rameters (Saska et al. 2016). The approach has

been used also earlier for one-sex aphid studies
by e.g. Akca et al. (2015), Akkdprii e al. (2015)
and Saska et al. (2016).

The developmental time, age-stage specific
survival rate (s ), age-specific survival rate (/),
age-stage specii‘%c fecundity (/. /,), age-specific fe-
cundity (m ), age-specific net fecundity (I m,), in-
trinsic rate of increase (r), finite rate of increase
(M), net reproductive rate (R ) and mean genera-



tion time (7) were calculated using the TWO-
SEX-MSChart program (Chi 2016a) as described
by Chi and Su (2006), Tuan et al. (2014a, b) and
Chi et al. (2016). The bootstrap technique (Efron
& Tibshirani 1993) with 100,000 resamplings
was used to estimate the standard errors. The
paired bootstrap test was used to compare differ-
ences between treatments. The growth of M.
crassicauda and A. craccivora population at con-
stant and fluctuating temperatures were projected
based on the life table data using the program
TIMING-MSChart (Chi 2016b) and the ap-
proach described in Tuan ef al. (2014a, b). The
plots for survival rate, fecundity, life expectancy,
reproductive value and the population growth
curves were prepared using the program Sigma-
Plot 12.0.

3. Results
3.1. Developmental time and fecundity

The developmental times of different life stages
as well as fecundity of females of M. crassicauda
and A4. craccivora were influenced by fluctuating
temperatures (Table 1). The preadult period of M.
crassicauda decreased gradually with the order
0f 22 °C,22+£3°Cand 22 + 5 °C, and a signifi-
cant difference was found between 22 °C and 22
+ 5 °C. The adult period, longevity, oviposition
period and fecundity of M. crassicauda de-
creased significantly with the order of 22 °C, 22 +
3°Cand22+5°C.

The preadult period of A. craccivora in 22 °C
treatment was significantly longer than those in
the 22 +3 °C and 22 + 5 °C treatments. The adult
period, oviposition period and fecundity of A.
craccivora increased with the order of 22 °C, 22 +
3 °Cand 22 £ 5 °C, and the adult period and fe-
cundity in the 22 = 5 °C treatment was signifi-
cantly greater than those in two other treatments.
The fecundity of 4. craccivora in fluctuating tem-
perature treatments was significantly greater than
that in constant temperature treatment. There was
no significant difference in the longevity among
the three treatments.

The adult period, longevity and oviposition
period were significantly longer and fecundity
higher in M. crassicauda than in A. craccivora in
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the 22 °C treatment, while the opposite phenome-
non was observed in the 22 + 5 °C treatment.

3.2. Age-stage survival rates

The age-stage specific survival rates (ij) of M.
crassicauda and A. craccivora at different tem-
peratures are plotted in Fig. 2. The age-stage spe-
cific survival rate was the probability of a new-
born surviving to age x and stage j. Because the
age-stage, two-sex life table can take the varia-
tions in developmental rates that occur among in-
dividuals into consideration, significant overlap-
ping between stages could be observed. The age-
specific survival rate (), showing the survival
rate to age x, is a simplified version of the age-
stage specific survival rate obtained by combin-
ing all stages (Fig. 3). These curves clearly
showed that fluctuating temperatures had less in-
fluence on the preadult aphids, but had a great in-
fluence on the adult survival rate of both species.
Megoura crassicauda adults had the longest lon-
gevity and highest survival rate at 22 °C, fol-
lowed by 22 £ 3 °C and 22 + 5 °C. On the con-
trary, the fluctuating temperatures, especially the
22 + 5 °C treatment, increased the adult survival
rate of 4. craccivora.

3.3. Fecundities

The age-specific fecundity (m ) and the age-spe-
cific net fecundity (I m ) of M. crassicauda and A.
craccivora are shown in Fig. 3. The age-specific
fecundity (m ) curves of M. crassicauda and A.
craccivora were characterized by a rapid increase
to the maximum value at the beginning of the re-
productive period and followed by a more grad-
ual decrease with age in all three test tempera-
tures. The curves showed that fluctuating temper-
atures, especially at 22 + 5 °C, decreased the mx
value of M. crassicauda but increased that of 4.
craccivora. The age-specific fecundity curves of
M. crassicauda peaked at the 9" day, with maxi-
mum values of 7.0, 7.8 and 7.4 nymphs in the 22
°C, 22 +3 °Cand 22 £ 5 °C treatments, respec-
tively. The maximal m_value (11.4 nymphs) for
A. craccivora occurred at 22 °C at age 8 d. This
value was significantly higher than those at 22 +3
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Fig. 3. Age-specific survival rate (/ ), age-specific fecundity (m, ), and age-specific net fecundity (/m,) of
Megoura crassicauda and Aphis craccivora at constant and fluctuating temperatures.

°C (7.1 nymphs at the 8" day) and 22 + 5 °C (6.9
nymphs at the 13" day).

The age-specific net fecundity (/ m ) values of
M. crassicauda and A. craccivora under constant
and fluctuating temperatures formed curves simi-
lar to the above age-specific fecundity. Compared

with the constant temperature of 22 °C, the /[ m_
values of M. crassicauda decreased at the two
fluctuating temperatures, whereas the values for
A. craccivora increased. In general, oviposition
ceased 2 to 6 days before death in both aphid spe-
cies, except for A. craccivora at 22 °C.
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Table 2. Population parameters (mean + SE) of Megoura crassicauda and Aphis craccivora at constant and fluc-

tuating temperatures.

Parameter 22 °C 22+3°C 22+5°C
Sample size (n)

M. crassicauda 62 50 57

A. craccivora 53 50 50

Intrinsic rate of increase (r, d™")
M. crassicauda
A. craccivora

Finite rate of increase (A, d™')
M. crassicauda
A. craccivora

Net reproductive rate (R, d”)

0.3318 £ 0.0039 a
0.3360 + 0.0049 b

1.3935 + 0.0054 a
1.3993 + 0.0069 b

M. crassicauda 86.8+3.4 a*

A. craccivora 52.7+4.8 a*
Generation time (T, d)

M. crassicauda 13.5+0.1a*

A. craccivora 11.8+0.2a*

0.3093 + 0.0059 b*
0.3827 £ 0.0096 a*

0.3108 £ 0.0061 b*
0.3691 £ 0.0117 a*

1.3623 + 0.0080 b*
1.4663 + 0.0141 a*

1.3646 + 0.0084 b*
1.4466 + 0.0168 a*

56.1+4.1b 438+3.7c*
59.8+58a 62.0+6.3a"
13.0+0.2 b* 122+0.2c*
10.7 £ 0.1 b* 11.2+0.2b*

Means for the same species in the same row followed by different letters are significantly different; Means for different species at
the same temperature regime followed by an asterisk (*) are significantly different. Paired bootstrap tests, P < 0.05.

3.4. Population parameters

The population parameters of M. crassicauda and
A. craccivora are listed in Table 2. Megoura
crassicauda and A. craccivora had different re-
sponses to the temperature regimes. All popula-
tion parameters of M. crassicauda were signifi-
cantly higher in 22 °C treatment than in the 22 + 3
°C and 22 + 5 °C treatments, but there were no
significant differences in the intrinsic rate of in-
crease (r) and finite rate of increase (1) between
22+3°Cand22+5 °C.

The intrinsic rate of increase () and finite rate
of'increase (L) of A. craccivora were higher in the
22 + 3 °C treatment than in the 22 °C and 22 + 5
°C treatments, but they differed significantly only
from those of the 22 °C treatment. The tempera-
ture regimes had no significant effect on the net
reproductive rate (R ) of A. craccivora. The gene-
ration times (7) of A. craccivora were signifi-
cantly shorter in the 22 +3 °C and 22 + 5 °C treat-
ments than in the 22 °C treatment, but there was
no significant difference between the 22 + 3 °C
and the 22 + 5 °C treatments. At constant 22 °C,
intrinsic rate of increase () and finite rate of in-
crease (1) did not differ between the two aphid
species, but 4. craccivora population had signifi-
cantly higher  and A than M. crassicauda at the
two fluctuating temperature regimes.

3.5. Simulated population growth

Population growths of M. crassicauda and A.
craccivora, based on life table parameters, were
affected by fluctuating temperatures (Fig. 4). Ac-
cording to the simulation, the population size af-
ter 50 days would differ by one order of magni-
tude and would reach approximately 48.21 mil-
lion aphids at 22 °C, 16.15 million at 22 + 3 °C,
18.29 million at 22 + 5 °C for M. crassicauda and
68.60 million at 22 °C, 657.08 million at 22 + 3
°C, 360.60 million at 22 + 5 °C for A. craccivora.
The simulated population growth curves (in a
logarithmic scale) approached linearity after ap-
proximately 20 days, which suggests that the
aphid populations had approached the stable age-
stage distribution. The slopes of the regression
lines that describe such linear population increase
are equal to log (A) for each cohort (Table 2).

4. Discussion

The primary objective of this study was to under-
stand the impact of fluctuating temperatures on
the development and reproduction of M. crassi-
cauda and A. craccivora. The effect were as-
sessed by constructing age-stage, two-sex life
tables at constant temperature of 22 °C and simu-
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lated fluctuating temperatures of 22 £3 °C and 22
+ 5 °C with also a photoperiod to obtain a closer
approximation of a natural field environment.
Our results indicated that many life table parame-
ters of M. crassicauda and A. craccivora at con-
stant temperature did deviate from those at the
two fluctuating temperatures, but the extent of the
effects differed in the two aphid species.

In the present study, fluctuating temperatures
accelerated the development of M. crassicauda
and A. craccivora, as their preadult period was
significantly shortened at fluctuating tempera-
tures compared to the corresponding constant
temperature. These findings are consistent with
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many of the earlier studies on a variety of arthro-
pods (e.g., Brakefield & Mazzotta 1995, Miro-
nidis & Savopoulou-Soultani 2008, Vangansbeke
et al. 2013). For example, Bahar et al. (2012) re-
ported that the developmental times of the
diamondback moth, Plutella xylostella (Linnae-
us), and its larval parasitoid Diadegma insulare
(Cresson) were both shortened at fluctuating tem-
peratures (0—14, 15-29 and 23-37 °C) compared
to the same average corresponding constant tem-
peratures (7, 22 and 30 °C). Generally, the rela-
tionship between poikilothermic developmental
rates and temperature is nonlinear (Andrews &
Schwarzkopf 2012). Compared to the corre-



10

sponding mean constant temperature, the devel-
opmental rate of poikilotherms tends to be higher
at the low temperature range of fluctuating tem-
perature regimes, lower in the higher temperature
range, and little to no difference at intermediate
temperatures (Vangansbeke et al. 2015). This ef-
fect has been referred to as the rate summation ef-
fect or Kaufmann effect (Ratte 1985, Worner
1992), explaining the differences between devel-
opment predicted by nonlinear models under
constant and variable temperatures with the same
mean temperature.

Fluctuating temperatures (22 + 3 °C and 22 +
5 °C) reduced the adult survival rate of M. crassi-
cauda, but that of A. craccivora was increased.
Consequently, the oviposition period and fecun-
dity of M. crassicauda decreased in both fluctuat-
ing temperature treatments, but increased for 4.
craccivora in the same treatments.

The intrinsic rate of increase () combines the
effects of several life table parameters, including
the first reproductive age, the peak of reproduc-
tion, the length of the reproductive period, and the
survival rate, on the population growth rate.
These population parameters are key demo-
graphic parameters and are the most useful in pre-
dicting the growth potential of insect and mite
populations (Birch 1948, Vangansbeke et al.
2013). Based on the r-values, the fluctuating tem-
peratures in the present study had negative effect
on the development and reproduction of M.
crassicauda, but they were beneficial for 4.
craccivora.

Previous studies have demonstrated that the
impact of fluctuating temperatures on insects and
mites differed between species. Fluctuating tem-
peratures can enhance the population growth rate
of some insects, such as Helicoverpa armigera
(Hiibner) (Mironidis & Savopoulou-Soultani
2008) and Tetranychus urticae Koch (Vangans-
beke et al. 2013). On the other hand, some studies
have reported an adverse effect of the fluctuating
temperature (Siddiqui & Barlow 1973), or no sig-
nificant difference between two constant and
fluctuating temperature treatments (Hagstrum &
Leach 1973). For aphid species, high tempera-
tures can be harmful to developing embryos and
thus have negative impacts on aphid populations
(Harrison & Barlow 1973, Nowierski et al.
1983). For instance, exposure to heat stress peri-
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ods (total of 16 h at 30 °C) significantly reduced
the fecundity of Sitobion avenae (Fabricius) and
resulted in a reduced population growth rate
(Jeffs & Leather 2014). For M. crassicauda and
A. craccivora in the present study, there was no
significant difference between the species in the
population growth rate (intrinsic rate of increase)
at the constant temperature, but the simulated A.
craccivora population grew significantly faster
than the M. crassicauda population in the two
fluctuating temperature treatments. Thus, our
present results may be due to that 4. craccivora
has more tolerance for high temperatures than M.
crassicauda. A similar phenomenon was found at
the constant temperatures, since A. craccivora
could survive and reproduce at 31 °C, while M.
crassicauda cannot develop to adult at this tem-
perature (Gong et al. 2006).

In conclusion, the fluctuating temperatures
had negative impact on the life history traits of M.
crassicauda, but was beneficial for 4. cracci-
vora. The data obtained under constant tempera-
tures may not accurately reveal the biotic re-
sponses of pests in the field. Researchers should
take these aspects into account when interpreting
their laboratory data and making predictions
about population growth in natural populations.
In addition, information obtained from life table
studies under daily fluctuating temperatures
might be useful in mass production of biological
control agents.
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