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Abstract To develop an augmentative biological

control programme for Bemisia tabaci (Gennadius)

(Hemiptera: Aleyrodidae) and Thrips palmi Karny

(Thysanoptera: Thripidae) using Nesidiocoris tenuis

(Reuter) (Hemiptera: Miridae), we studied the life

history traits of a Japanese strain of N. tenuis reared on

B. tabaci and T. palmi in controlled environments. The

lower developmental threshold during the nymphal

period was far higher than those estimated for Spanish,

Moroccan, and Iranian strains, indicating that the

Japanese strain is better adapted to higher tempera-

tures than the other three strains tested. The intrinsic

rate of increase rm was highest at 30 �C and lowest at

20 �C. The rm value for individuals reared on T. palmi

at 25 �C was lower than that for individuals reared on

B. tabaci at the same temperature. Implications of

these results for the biological control of B. tabaci and

T. palmi in greenhouses are discussed.

Keywords Nesidiocoris tenuis � Bemisia tabaci �
Thrips palmi � Hemiptera � Miridae � Biological
control

Introduction

Nesidiocoris tenuis (Reuter) (Hemiptera: Miridae) is a

zoophytophagous mirid bug that feeds on animal and

plant matter in warm climates. It preys on whiteflies,

thrips, leaf miners, aphids, spider mites, and lepi-

dopterans (Pérez-Hedo and Urbaneja 2016; Mollá

et al. 2014). In the Mediterranean region, this preda-

tory mirid bug is used effectively to control the

whitefly Bemisia tabaci (Gennadius) (Hemiptera:

Aleyrodidae) in protected and field grown crops

(Pérez-Hedo and Urbaneja 2016).

Indigenous populations of N. tenuis are released to

control whiteflies and thrips infesting eggplants in

greenhouses in Kochi Prefecture in Japan (Nakaishi

et al. 2011). Since natural populations of N. tenuis are

restricted to warm regions in Japan, mass-rearing of

this species for augmentative release to control B.

tabaci and the melon thrips, Thrips palmi Karny

(Thysanoptera: Thripidae), two major pests attacking

greenhouse vegetables, is required.

Studies of the life history parameters of N. tenuis

are essential for the application of this natural enemy

in agroecosystem pest control. There is strong evi-

dence that development, survival, and reproductive
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potential of N. tenuis are affected by temperature.

Sánchez et al. (2009) studied egg and nymphal

development as well as female fertility in a Spanish

strain at different temperatures using tomato as

substrate and E. kuehniella eggs as food. They

calculated thermal requirements and lower thermal

thresholds for development of eggs nymphs in this

strain. For nymphs, the thermal constant was

148.6 day-degrees and the lower developmental

threshold was 11.7 �C. The Spanish strain was thus

determined to be the most thermophilous of dicyphi-

nes so far studied in this way from vegetable crops in

the Mediterranean area. More recently, Mirhosseini

et al. (2018) fitted linear and non-linear models to

predict the developmental rate of an Iranian strain as a

function of temperature and calculated that the lower

developmental threshold and thermal constant for the

nymphal stages were 11.68 �C and 175.84 day-de-

grees, respectively, using an ordinary linear model.

Hughes et al. (2009) studied low-temperature toler-

ance of a strain originating from Morocco to inves-

tigate the establishment potential in northern Europe.

The estimated lower developmental threshold was

12.9 �C. They concluded that this strain is unlikely to

establish in northern Europe. The lower developmen-

tal threshold for the nymphal stages of N. tenuis in

these studies ranged from 11.68 to 12.9 �C. These
studies of temperature effects on life history param-

eters are useful for estimating optimal temperatures or

predicting population dynamics for N. tenuis. How-

ever, these studies have largely focused on N. tenuis

development and reproduction using the eggs of

Ephestia kuehniella Zeller, a factitious prey item, as

food.

Therefore, it is necessary to study the life history

parameters of N. tenuis using crop pest species as food

to predict pest population dynamics and population

interaction between pests and N. tenuis in green-

houses. Pérez-Hedo and Urbaneja (2016) studied egg

and nymphal development and survival of N. tenuis

reared on different prey species, including E. kueh-

niella eggs at 25 �C, and found that the developmental

period was shortest when E. kuehniella eggs and B.

tabaci nymphs were prey items.

Reproductive potential is an important trait for

evaluating biological control agents and is usually

expressed as the intrinsic rate of increase under

different conditions. When evaluating different spe-

cies of natural enemies to be used in augmentative

biological control, reproductive potential is a recom-

mended parameter (van Lenteren and Manzaroli

1999). Mollá et al. (2014) found that for N. tenuis

and Macrolophus pygmaeus Rambur fed with E.

kuehniella eggs at 25 �C, N. tenuis exhibited higher

demographic indices than M. pygmaeus. Nakaishi

et al. (2011) studied N. tenuis development and

oviposition at 25 �C on sesame with and without E.

kuehniella eggs and found that the provision of E.

kuehniella eggs improved intrinsic rates of increase.

Yano et al. (2014) also studied development, survival,

fecundity, and longevity in the N. tenuis strain used in

the current study using E. kuehniella eggs as food at

25 �C to determine the intrinsic rate of increase.

However, few studies have described the life

history parameters of Japanese strains of N. tenuis.

Nakaishi et al. (2011) described reproduction on

plants, but the reproductive potential of this bug has

not been studied using its natural prey, B. tabaci or T.

palmi, as food. Therefore, it is necessary to study the

response of a Japanese strain using B. tabaci and T.

palmi as food to develop effective methods for the

augmentative biological control of these pests by N.

tenuis in greenhouses. Although the effects of tem-

perature on development, survival, and reproduction

have been well characterised in European studies

using E. kuehniella eggs as food, the results cannot be

directly applied to Japanese strains due to geographic

variation in these life history parameters. It is also

necessary to study the effects of temperature on the life

history parameters of N. tenuis with different pest

species as food to understand population interactions

between N. tenuis and pest species, because this

information is useful for developing biological control

strategies.

The objective of this study was to evaluate the life

history parameters of a Japanese strain of N. tenuis

reared on B. tabaci nymphs and T. palmi larvae and to

evaluate temperature effects on the intrinsic rate of

increase of N. tenuis feeding on B. tabaci. The results

of this study provide fundamental biological informa-

tion for the use of N. tenuis to control these pests in

Japanese greenhouses.
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Materials and methods

Insect rearing

Nesidiocoris tenuis adultswere provided byAgri-Soken

Inc. (Ibakari, Japan) and originated from samples

collected on tobacco plants in a greenhouse in Toride,

Ibaraki Prefecture, Japan. Frozen E. kuehniella eggs

were also obtained fromAgri-Soken Inc.Bemisia tabaci

adults of biotype B collected from tomato plants in a

greenhouse in Nagashima, Mie Prefecture, Japan.

Thrips palmi adults used in this study were reared from

adults collected on cucumber plants in a greenhouse at

the Research Institute of Environment, Agriculture and

Fisheries in Habikino, Osaka Prefecture, Japan. Nesid-

iocoris tenuis adults were fed E. kuehniella eggs with

tomato plants as oviposition substrates (C.V. Momo-

tarou yohku) in mesh-walled plastic rearing cages

(25 9 30 9 35 cm) in a thermostatic room (MCU-

T15; SANYO Co. Ltd., Fukuoka, Japan) at 25 ± 2 �C
and 60 ± 10%RHunder a L:D 16:8 photoperiod. Light

intensity on the shelves of the room illuminated by

fluorescent lights was maintained at approximately

1000 lx. Nesidiocoris tenuis nymphs were fed E.

kuehniella eggs with leaves of Sedum rubrotinctum

R.T. Clausen (Rosales: Crassulaceae) as a water supply

in small plastic containers (diameter: 9 cm, height:

6 cm) with a mesh-covered ventilation hole (diameter:

2 cm). Bemisia tabaci was reared on cabbage plants,

Brassica oleracea L. var. capitata (C.V. YR50 gou) in

the samemesh-walled rearing cages and under the same

environmental conditions as described for N. tenuis.

Thrips palmi was reared using a method modified from

Murai (2002) on fava beans, Vicia faba L. (C.V. G.G.

Blend), and cucumber leaves, Cucumis sativus L. (C.V.

Zubari 163), under the same conditions described forN.

tenuis and B. tabaci.

Development of N. tenuis eggs

For the N. tenuis egg development experiment, a

potted tomato seedling (C.V. Momotarou yohku; ca.

15 cm tall) infested with first and second instar B.

tabaci nymphs was placed in a clean plastic cage

(27 9 15 9 13 cm) with a mesh screen covering the

top. Five mature, presumed mated N. tenuis females

were collected from the rearing cages and released into

the cage containing the infested seedling and kept at

15, 20, 25, 30, or 35 �C under a L:D 16:8 photoperiod

for three days. They were then introduced into an

identical clean cage with a potted clean tomato

seedling (ca. 15 cm tall) and kept at the same

conditions for 24 h, after which they were removed.

Two tomato seedlings were used for each temperature.

Plants used for oviposition were inspected every day,

and nymphs were counted and removed as they

emerged. Five days after the final round of hatching,

plants were dissected to check for unhatched eggs.

Development of N. tenuis nymphs feeding on B.

tabaci nymphs

For the nymphal development experiment, first and

second instar B. tabaci nymphs were prepared by

introducing 150 B. tabaci adults and allowing them to

oviposit for 48 h within a clip-on leaf cage (diameter:

2.5 cm, depth: 1.5 cm) attached to a leaflet of a potted

tomato seedling (Adams and van Emden 1972). After

removing whitefly adults, eggs and hatched nymphs

were reared on the leaflet until they had reached the

first or second instar at 25 �C under a L:D 16:8

photoperiod. We used the resulting leaflet with B.

tabaci nymphs to prepare leaf sections (3 9 2 cm) for

nymphal development experiments. First and second

instar nymphs were offered because these instars were

accepted more frequently byN. tenuis adults than third

or fourth instar nymphs in behavioural observations by

Furuie and Yokoyama (2001). Based on the results of

preliminary experiments on daily maximum predation

rates of N. tenuis on B. tabaci, we adjusted the number

of B. tabaci nymphs per leaf section to ca. 50, 80, 150,

400, and 500 for first to fifth instar N. tenuis,

respectively. A tomato leaf section with B. tabaci

nymphs was placed on wet cotton at the bottom of a

plastic Petri dish (diameter: 9 cm, depth: 1.5 cm).

Then, a newly hatched N. tenuis nymph (\ 24 h old)

was introduced onto the leaf section. Nymphal stages

were reared at 15, 20, 25, 30 and 35 �C under a L:D

16:8 photoperiod. The tomato leaf section with B.

tabaci nymphs was replaced daily. Developmental

stage and survival of N. tenuis were checked daily

until adult emergence when the adults were sexed.

Immature development of N. tenuis reared on T.

palmi larvae

For the egg development experiment for N. tenuis, a

potted cucumber seedling (C.V. Zubari 163; ca. 15 cm
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tall) infested with sufficient numbers of T. palmi larvae

was placed in a clean plastic cage (27 9 15 9 13 cm)

with a mesh screen covering the top. Methods for

cucumber plant infestation with N. tenuis females to

determine oviposition, nymph emergence, and

unhatched eggs were similar to those used for the

experiment with B. tabaci. The experiments were

conducted only at 25 �C under a L:D 16:8

photoperiod.

In the nymphal development experiment, we used a

cucumber leaf section (3 9 4 cm) with 100 T. palmi

second-instar larvae. Second-instar larvae were used

because they were easier to handle than first-instar

larvae. The numbers of T. palmi larvae used in this

experiment were based on the results of preliminary

experiments on daily maximum predation rates of N.

tenuis on T. palmi larvae. A cucumber leaf section was

placed on wet cotton at the bottom of a plastic Petri

dish (diameter: 9 cm, depth: 1.5 cm) and T. palmi

second instar larvae were placed on the leaf section. A

newly hatched N. tenuis nymph (\ 24 h old) was then

introduced onto the leaf section. Nymphal stages were

reared at 25 �C under a L:D 16:8 photoperiod.

Cucumber leaf sections with T. palmi larvae were

replaced daily. Developmental stage and survival of

N. tenuis were checked daily until adult emergence

when the adults were sexed.

Female oviposition and adult longevity

when reared on B. tabaci nymphs

A tomato leaf section (3 9 2 cm) with a petiole with

first and second instar B. tabaci nymphs (ca. 400–500)

was prepared in the experiments for female oviposi-

tion and adult longevity. As an oviposition substrate, a

tomato leaf section with a petiole was inserted into a

vial (diameter: 1.5 cm, height: 4 cm) filled with water.

The vial was sealed with a piece of aluminium foil. In

preliminary experiments, we found that N. tenuis

adults oviposited near veins within the tomato leaf

tissue. The tomato leaf section then was placed in a

plastic cup (diameter: 10 cm, height: 10 cm) with a

mesh screen covering the top, and a pair of N. tenuis

adults (\ 24 h after emergence) was introduced. Leaf

sections were replaced daily until the female died, and

those exposed to adults were dissected to count eggs. If

the male died, another male was introduced. The

experiments were performed at 15, 20, 25, 30 and

35 �C under a L:D 16:8 photoperiod.

Female oviposition and adult longevity

when reared on T. palmi larvae

A cucumber leaf section (4 9 3 cm) with a petiole

with second-instar T. palmi larvae (ca. 100) was

prepared. The experiments were performed at 25 �C
under a L:D 16:8 photoperiod. Other methods were the

same as for the experiments using B. tabaci nymphs.

Data analysis

The influences of temperature on egg developmental

time and lifetime fecundity of individuals reared on B.

tabaci were tested by a one-way analysis of variance

(ANOVA). The influences of temperature and sex on

nymphal developmental time of individuals reared on

B. tabaci were tested by a two-way ANOVA. The

influence of sex on nymphal developmental time on T.

palmi was tested by a one-way ANOVA. Develop-

mental data and lifetime fecundity were log-trans-

formed prior to ANOVA. The differences of means

were separated by Tukey’s HSD test. In case of

heteroscedasticity (determined using Levene’s test),

means were separated by the Steel–Dwass test. The

egg and nymphal survival rates were subjected to v2

test. Sex ratios of adults were compared to a null

hypothesis of 1:1 using a binomial test. Multiple

comparisons of survival rates and sex ratios between

different temperatures were tested using Tukey-type

multiple comparison test (Zar 2009). The effects of

temperature and sex on adult survival were analysed

using Cox proportional hazard regression analysis.

The effects of temperature for each sex and those of

sex for each temperature were analysed using a log-

rank test. ANOVA and survival analysis were per-

formed using IBM SPSS Statistics v. 22.0.0.0 (IBM

2013). The Steel–Dwass and binomial tests were

performed using the software R 3.2.1 (R Core Team

2018). Data are reported as mean ± SE unless other-

wise specified.

The lower developmental threshold and the thermal

constant of egg and nymphal stages were estimated.

The lower developmental threshold and the thermal

constant were determined using the linear model

between temperature and the developmental rate

proposed by Ikemoto and Takai (2000),DT = k ? tD,

where D is the developmental time in days and T is

temperature in degrees Celsius. The parameters t, the

lower developmental threshold, and k, the thermal
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constant in degree days, were determined by linear

regression.

Demographic parameters, i.e., the intrinsic rate of

increase rm (number of females per female per day),

net reproductive rate R0 (number of females per

female), mean generation time T (days), and finite rate

of increase k (number of females per female per day),

were calculated using a SAS program proposed by

Maia et al. (2000). In this program, 95% confidence

limits were calculated for all estimated parameters

using the Jackknife technique to perform pairwise

comparison between groups with their respective

P values. These parameter values were calculated

using the age-specific mortality and age-specific

fecundity according to Birch (1948).

Results

Development and survival in egg and nymphal

stages when reared on B. tabaci nymphs

The developmental time of eggs ranged from

14.9 ± 0.3 days at 20 �C to 5.9 ± 0.1 days at 35 �C
(Table 1). The experiments could not be completed at

15 �C because of extremely low oviposition rates by

N. tenuis adults. The influence of temperature on egg

developmental time was significant (F3,168= 417.6,

P\ 0.001). The hatching rate or the survival of eggs

at different temperatures were all higher than 90% and

not significantly different (v2 = 2.45, df = 3,

P[ 0.4). Egg survival rates at different temperatures

were indistinguishable from each other by a Tukey-

type multiple comparison test (Table 1).

The nymphal developmental time became shorter

with increasing temperature, ranging from

46.0 ± 4.0 days at 20 �C to 8.5 ± 0.1 days at 35 �C
(Table 2). No nymphs completed development at

15 �C, and data from 15 �C were excluded from

further analysis. Heteroscedasticity was detected in

the two-way ANOVA to test influences of temperature

and sex on nymphal developmental time of individuals

reared on B. tabaci. Because the sexes did not differ in

nymphal developmental time at any temperature

(t test), nymphal development times were pooled and

effects of temperature were tested by a Steel–Dwass

test. Temperature had a significant effect on nymphal

developmental time (Table 2). Nymphal survival rates

at different temperatures were also significantly dif-

ferent (v2 = 11.59, df = 3, P\ 0.005). Nymphal

survival rates were significantly lower at 20 and

35 �C than at 25 and 30 �C by a Tukey type multiple

comparison test. The percentages of females of

emerged adults did not differ significantly from 0.5

by a binomial test at any temperature and those at

different temperatures were indistinguishable from

each other by a Tukey-type multiple comparison test

(Table 2).

The lower developmental threshold and the thermal

constant of egg and nymphal stages were determined

using the linear model between temperature and

developmental rate. The linear regressions were

significant for both the eggs (R2 = 0.832,

F1,134 = 661.3, P\ 0.001) and the nymphs

(R2 = 0.883, F1,49 = 370.6, P\ 0.001). The lower

developmental threshold and the thermal constant for

the eggs were estimated to be 11.0 �C and 131 degree-

days, respectively, and those for the nymphs were

16.0 �C and 151 degree-days, respectively. The

developmental data at 35 �C were excluded from the

estimation because of developmental suppression

induced by high temperature.

Table 1 Egg developmental time and survival (mean ± SE) of Nesidiocoris tenuis at different temperatures

Temperature (�C) n Developmental time (days) Survival (%)

20 17 14.9 ± 0.3a 94.4 ± 5.4a

25 58 9.4 ± 0.1b 100.0 ± 0.0a

30 61 7.0 ± 0.1c 96.8 ± 2.2a

35 36 5.9 ± 0.1d 97.3 ± 2.7a

Mean values followed by the same letter are not significantly different (P[ 0.05)
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Development and survival in egg and nymphal

stages when reared on T. palmi larvae

The developmental time and the survival rate of eggs

were 10.2 ± 0.1 days (n = 40) and 0.98, respectively.

The effect of sex on nymphal developmental time was

significant (F1,18= 6.04, P = 0.024) and the pooled

nymphal developmental time was 13.7 ± 0.4 days

(n = 23). The female and male nymphal developmen-

tal time were 13.5 ± 0.3 (n = 17) and

14.3 ± 0.2 days (n = 6), respectively. The nymphal

survival rate was 0.96. The female sex ratio of

emerged adults was 0.74, which was significantly

higher than 0.5 by a binomial test (P = 0.0347).

Female oviposition and adult longevity

when reared on B. tabaci nymphs

Both the effects of temperature and sex on adult

survival were significant in the Cox proportional

hazard regression analysis (temperature: v2 = 16.79,

df = 1, P\ 0.001; sex: v2 = 7.895, df = 1,

P = 0.005). The effect of temperature on female

survival was significant (log-rank test, v2 = 18.54,

df = 3, P = 0.0003). Females lived longer at 20 �C
than at higher temperatures. The effect of temperature

on male survival was not significant (v2 = 5.10,

df = 3, P = 0.165). Males significantly lived longer

at 25 �C (v2 = 5.7, df = 1, P = 0.017) and 30 �C
(v2 = 3.95, df = 1, P = 0.047) than females (Table 3).

The effect of sex on adult survival was not significant

at 20 �C (v2 = 0.92, df = 1, P = 0.336) and 35 �C
(v2 = 1.27, df = 1, P = 0.256).

Female and male longevity, female lifetime fecun-

dity, and the pre-oviposition period are summarised in

Table 3. Lifetime fecundity at 35 �C was significantly

lower than at other temperatures (F3,53 = 9.12,

P\ 0.001). The female pre-oviposition period

became shorter with increasing temperature, except

at 35 �C.

Female oviposition and adult longevity

when reared on T. palmi larvae

Longevity of females and males was 16.1 ± 3.6

(n = 10) and 32.8 ± 3.9 (n = 18) days, respectively.

Males had significantly higher longevity than females

(v2 = 18.28, df = 1, P\ 0.001). Female lifetime

fecundity was 14.6 ± 4.5 eggs and pre-oviposition

period was 3.7 ± 0.3 days (n = 10).

Demographic parameters

The effects of temperature on demographic parame-

ters of N. tenuis reared on B. tabaci nymphs are

summarised in Table 4. The intrinsic rate of increase

rm and the finite rate of increase k were highest at

30 �C and lowest at 20 �C. The net reproductive rate

R0 was highest at 25 and 30 �C and lowest at 35 �C.
The mean generation time T decreased with temper-

ature. The lx and mx curves at four temperature

conditions are shown in Fig. 1. The mx curves showed

a sharp increase to the maximum after pre-oviposition

periods, followed by gradual decreases at all temper-

atures. The lx curves showed a fairly constant decrease

in survival rate after peak oviposition. The intrinsic

rate of increase rm, net reproductive rate R0, mean

generation time T, and finite rate of increase k of N.

tenuis reared on T. palmi larvae were 0.063, 4.6,

25.3 days, and 1.062, respectively.

Table 2 Nymphal developmental time, survival, and sex ratio (mean ± SE) of N. tenuis reared on Bemisia tabaci nymphs at

different temperatures

Temperature (�C) n Developmental time (days) Survival (%) % Females P

20 13 46.0 ± 0.4a 72.2 ± 10.6b 53.8 ± 13.8a 1.000

25 19 15.5 ± 0.4b 100.0 ± 0.0a 31.6 ± 10.7a 0.167

30 19 11.3 ± 0.3c 100.0 ± 0.0a 57.9 ± 11.3a 0.648

35 17 8.5 ± 0.1d 81.0 ± 8.6b 70.6 ± 11.1a 0.144

Mean values followed by the same letter are not significantly different (P[ 0.05). Values in the ‘‘P’’ column indicate the P-values of

the tests comparing the observed sex ratio to a 1:1 sex ratio
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Table 3 Female and male longevity, female pre-oviposition period, and female lifetime fecundity of N. tenuis reared on B. tabaci

nymphs at different temperatures

Temperature

(�C)
Female Male

n Lifetime fecundity (total offspring per

female)

Pre-oviposition period

(days)

Longevity

(days)

n Longevity

(days)

20 13 78.3 ± 10.6a 4.6 ± 0.4a 30.5 ± 3.9Aa 13 31.4 ± 6.7Aa

25 17 95.5 ± 9.0a 2.4 ± 0.2b 24.4 ± 1.9Bb 13 31.1 ± 3.6Aa

30 18 95.7 ± 8.5a 1.6 ± 0.1c 20.2 ± 1.5Bc 12 26.7 ± 4.8Aa

35 10 34.2 ± 3.7b 2.0 ± 0.5bc 19.0 ± 1.4Ac 7 21.1 ± 1.7Aa

Data are presented as mean ± SE. Mean values followed by the same upper-case letter in the same row and by the same lower-case

letter in the same column are not significantly different (P[ 0.05)

Table 4 The intrinsic rate of increase rm (number of females

per female per day), net reproductive rate R0 (number of

females per female), mean generation time T (days), and finite

rate of increase k (number of females per female per day) of N.

tenuis reared on B. tabaci nymphs at different temperatures

Temperature (�C) rm R0 T k

20 0.047 ± 0.003c 20.9 ± 5.3b 64.4 ± 1.4a 1.048 ± 0.003c

25 0.128 ± 0.005b 42.9 ± 7.7a 29.4 ± 0.8b 1.137 ± 0.006b

30 0.170 ± 0.007a 41.4 ± 7.4a 22.0 ± 0.6c 1.185 ± 0.009a

35 0.136 ± 0.020b 12.8 ± 3.3b 18.8 ± 1.0d 1.145 ± 0.022b

Data are presented as means ± 95% confidence limits. Mean values followed by the same letter in the same column are not

significantly different (P[ 0.05)
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Discussion

Total developmental time during egg and nymphal

stages for N. tenuis reared on B. tabaci nymphs in the

present study (24.9 days) was longer than of the same

Japanese strain reared on E. kuehniella eggs

(22.8 days, Yano et al. 2014) and of a Spanish strain

reared on B. tabaci nymphs (21.8 days, Pérez-Hedo

and Urbaneja 2016) at 25 �C. Nymphal developmental

times of the Spanish strains were shorter

(12.82–12.9 days, Sánchez et al. 2009; Mollá et al.

2014) than of the Japanese strain studied (14.0 days,

Yano et al. 2014) at 25 �Cwhen both were reared onE.

kuehniella eggs.

In this study, the thermal constant and lower

developmental threshold during the egg and nymphal

stages were estimated using B. tabaci nymphs as food.

These parameters have also been estimated for Span-

ish (Sánchez et al. 2009), Iranian (Mirhosseini et al.

2018), and Moroccan strains (Hughes et al. 2009)

using E. kuehniella eggs as food. In our study, the

lower developmental threshold during the nymphal

stage (16.0 �C) was far higher than the values

estimated for these other strains (11.7–12.9 �C).
Although the food used for N. tenuis development

experiments at different temperatures differed

between the present study and previous studies,

Pérez-Hedo and Urbaneja (2016) found no statistical

differences in developmental time between N. tenuis

reared on B. tabaci nymphs and E. kuehniella eggs at

25 �C. Rearing substrates may also be related to N.

tenuis development. Many N. tenuis rearing studies

have been conducted using tomato leaf sections

(Sánchez et al. 2009; this study) or shoots (Mirhosseini

et al. 2018) as substrates. We hypothesized that the

developmental times of N. tenuis reared on E.

kuehniella eggs or B. tabaci nymphs are similar at

different temperatures. Therefore, we compared lower

developmental thresholds among nymphs used in this

study and those used in previous studies in other

countries. We concluded that the Japanese strain we

studied is better adapted to higher temperatures than

Spanish, Moroccan and Iranian strains. In our study,

development at 20 �C was very slow, and none of the

nymphs survived at 15 �C. The Japanese strain we

studied is assumed to be naturally distributed only on

the southwestern islands of Japan. Individuals used in

this study were collected in a greenhouse at Toride,

Ibaraki Prefecture, where the strain cannot overwinter

in the field. This region is not warmer than Spain,

Morocco, or Iran in winter. It is possible that the

Japanese strain migrates yearly from the south to the

north across the Japanese islands in spring or summer

and that these migrant individuals cannot overwinter

outdoors in most parts of Japan. To date, no studies

have examined dispersal or migration in N. tenuis in

Japan. A mirid predator of planthoppers infesting rice

plants, Cyrtorhinus lividipennis Reuter (Hemiptera:

Miridae), migrates over a long distance from China to

Kyushu, one of the main Japanese islands, following

the migration of planthoppers (Matsumura and Urano

2001).

In this study, N. tenuis nymphal survival rates at

25 �C were 100% when nymphs were reared on B.

tabaci nymphs and 98% when nymphs were reared on

T. palmi larvae. The nymphal survival rate of a

Spanish strain was approximately 45% when nymphs

were reared on mature nymphs of B. tabaci and

approximately 60% when nymphs were reared on

Frankliniella occidentalis (Pergande) mature larvae

and adults at 25 �C (Pérez-Hedo and Urbaneja 2016).

These differences in survival rates between the

Japanese and Spanish strains may be due to the effects

of the quality (species and developmental stages) and

quantity of prey offered.

Female longevity was similar between N. tenuis

reared on B. tabaci nymphs in this study and that of

those raised on E. kuehniella eggs in a previous study

(Yano et al. 2014). Female lifetime fecundity of N.

tenuis reared on B. tabaci nymphs with tomato

seedlings as oviposition substrates (this study) was

lower than that of those reared on E. kuehniella eggs

(Yano et al. 2014). Female fertility can be estimated

by multiplying fecundity by egg mortality. Sánchez

et al. (2009) and Mollá et al. (2014) reported lower

fertility in European strains of N. tenuis fed with E.

kuehniella eggs compared with the results of Yano

et al. (2014).

At 25 �C, the intrinsic rate of increase of the

Japanese predator strain was significantly greater

(0.128, this study) when it was fed B. tabaci nymphs

than when it was fed E. kuehniella eggs (0.1096, Yano

et al. 2014). With a diet of B. tabaci, the oviposition

rate peaked just after oviposition began, whereas with

a diet of E. kuehniella eggs, the oviposition rate was

roughly constant throughout the adult stage. Mollá

et al. (2014) observed an intermediate age-specific

oviposition pattern in N. tenuis preying on E.
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kuehniella eggs on tomato plants. Therefore, B. tabaci

nymphs are as suitable a diet as E. kuehniella eggs for

the successful reproduction ofN. tenuis. Nakaishi et al.

(2011) estimated the intrinsic rate of increase of N.

tenuis as 0.0865 at 25 �C when it was fed with E.

kuehniella eggs and sesame leaves. The intrinsic rate

of increase of a Spanish strain of N. tenuis fed with E.

kuehniella eggs with tomato seedlings was 0.112

(Mollá et al. 2014). In summary, the intrinsic rate of

increase of N. tenuis falls within the range of about

0.09–1.10 when reared on E. kuehniella eggs, which is

slightly lower than that of conspecifics reared on B.

tabaci nymphs.

We found that the optimal temperature for repro-

duction of the Japanese strain of N. tenuis is 30 �C
based on the intrinsic rate of increase at different

temperatures (Table 4). Sánchez et al. (2009) sug-

gested that the optimum temperature for reproduction

of N. tenuis fell between 20 and 30 �C based on

development, reproduction data and thermal require-

ments. Our conclusions for optimal temperature for

reproduction of this species are consistent with these

previous studies.

The intrinsic rate of increase of individuals reared

on T. palmi larvae (0.062) was lower than that of

individuals reared on B. tabaci nymphs at 25 �C due to

low lifetime fecundity. Thrips palmi is therefore a less

suitable diet than B. tabaci nymphs. However, devel-

opmental times of immature stages and their survival

did not differ between these two prey species. One

possible explanation for low fecundity when reared on

T. palmi is variation in suitable plant species as

oviposition substrates. Nesidiocoris tenuis oviposit

eggs in leaf veins of plants. Cucumber leaves were

used as oviposition substrates for experiments using T.

palmi larvae as food, while tomato leaves were used

for experiments with other food sources. Differences

in surface structure between cucumber and tomato

leaves might affect oviposition behaviour of N. tenuis.

We conclude that the Japanese strain of N. tenuis

studied here is better adapted to higher temperatures

than that reported for strains from Spain, Morocco and

Iran. The former strain can be used effectively at high

temperatures from spring to autumn in greenhouses in

Japan. However, it is less effective under low-

temperature conditions in winter, even in greenhouses.

Because B. tabaci nymphs are as suitable as E.

kuehniella eggs for successful N. tenuis reproduction,

B. tabaci populations can be suppressed by rapid N.

tenuis population growth in greenhouses. Thrips palmi

larvae are less suitable as a food than E. kuehniella

eggs and B. tabaci nymphs. Thus, it may take a longer

time to suppress T. palmi populations following the

release of N. tenuis. These results improve our

understanding of population interactions between N.

tenuis and the prey species examined in this study and

may assist in developing a successful introduction

strategy for N. tenuis.
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