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Abstract Acaricidal and sublethal effects of the biopesticide Requiem®EC (containing an
essential oil extract of Chenopodium ambrosioides near ambrosioides) on the two-spotted
spider mite, Tetranychus urticae Koch, were evaluated in laboratory bioassays. The
biopesticide was applied to bean leaves or leaf discs using a Potter spray tower. Acaricidal
activity against eggs and immatures was evaluated in successive acute toxicity bioassays.
Concentration-mortality data were subjected to probit analysis and the following LCsg
values (ml/l) were calculated: 2.47 (eggs), 0.71 (larvae), 1.13 (protonymphs), 2.23 (female
deutonymphs), and 6.02 (female teleiochrysalises). In adult bioassay, in which pre-
ovipositional females were treated with a series of concentrations (0.31-10 ml/l), a run-off
effect ranging 4-80% (after 24 h) and 8-93% (after 72 h) was observed. In two-choice
bioassay, T. urticae females preferred the untreated halves of leaves over the halves treated
with 1.25-10 ml/l biopesticide and they laid significantly more eggs on the untreated
halves in the first 24 h and summed over 72 h. The indices of repellency and oviposition
deterence ranged 11.2-77.3 and 14.8-87.9%, respectively. In age-stage two-sex life
table bioassay, the females that hatched from eggs treated with 2.5 ml/l biopesticide and
reached adulthood on treated leaf surface showed a significantly reduced the intrinsic rate
of increase (»r = 0.222), compared to the control (» = 0.317). The reduction of population
growth was mainly due to a reduced preadult survival rate (0.42 + 0.04) and extended
juvenile developmental time (9.27 £ 0.11 days), compared to the control (0.93 £ 0.03 and
7.70 £ 0.06 days, respectively).
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Introduction

The two-spotted spider mite, Tetranychus urticae Koch, is a highly polyphagous species
that attacks more than 1100 host plant species, including a number of agricultural crops
and ornamentals, especially in greenhouses where this mite is a major pest (Zhang 2003;
Migeon and Dorkeld 2016). Pesticide (acaricide) application has been a predominating
method of spider mite control over the past decades. Due to an exceptional natural
potential for rapid evolution of resistance and strong selection pressure through chemical
control, the resistance of 7. urticae to acaricides has become a global phenomenon (Van
Leeuwen et al. 2009; Whalon et al. 2016). Ever since the initial reports on resistant
populations of tetranychids back in the 1950s, chemical industry has sought to solve the
resistance problems by developing and introducing acaricides with novel mechanisms of
activity (Knowles 1997; Dekeyser 2005; Marc¢i¢ 2012; Van Leeuwen et al. 2015). New
acaricide active ingredients are currently being introduced under growing legislative
restrictions concerning toxicological and ecotoxicological criteria. The resistance problem,
relatively limited choices of possible new active ingredients, and public demand for
reducing health and environmental risks have shifted the focus of efforts to biopesticides as
an alternative to synthetic compounds. Biopesticides, defined as commercial pest control
agents manufactured from living organisms or their products, account for a mere 4-5% of
the global pesticide market but this percentage is expected to rise to around 20% over the
next ten years (Chandler et al. 2011; Villaverde et al. 2014; Isman 2015).

Essential oils, secondary metabolites extracted from aromatic plant species belonging
mostly in the families Lamiaceae, Myrtaceae and Rutaceae, are rich source of potentially
effective biopesticides (Regnault-Roger et al. 2012; Attia et al. 2013). There have been an
increasing number of reports on acaricidal activity of various essential oils and monoter-
penes as their major constituents against spider mites (Miresmailli et al. 2006; Badawy
et al. 2010; Attia et al. 2011; Araujo et al. 2012; Roh et al. 2013). On the other hand, a few
commercial products based on essential oils have been registered for spider mite control in
developed countries. The biopesticide Requiem™EC is a commercial formulation manu-
factured from extracts of American wormseed (or epazote), Chenopodium ambrosioides
variety near ambrosioides (Chenopodiaceae), a herbaceous plant species indigenous to
Central and South America. The extract is a mixture of monoterpenes (mainly a-terpinene,
p-cymene and limonene) formulated as a product labeled for control of insect and mite
pests (Chiasson et al. 2004a, b; Regnault-Roger et al. 2012). However, experimental data
about its acaricidal properties have remained scarce.

Knowing the biological activity profile of any pesticide obtained in laboratory bioassays
is an important precondition for its sustainable use in practice. Besides assessing con-
centration-mortality responses of different life stages, quantification of effects on the
behavior and life history traits of individuals that survived exposure is also necessary for
evaluating the overall impact of a pesticide. Moreover, the individual-level effects on life
history traits should be integrated and expressed at a hierarchically higher population level,
considering that population growth rate is generally recognized as an ecologically more
relevant endpoint (Forbes and Calow 2002; Saenz-de-Cabezon Irigaray and Zalom 2009;
Guedes et al. 2016). One of widely used methods for assessing the response of arthropod
populations to pesticides is the use of age-specific life tables with data on female sur-
vivorship and production of female progeny (fertility), which provides a basis for
calculating the intrinsic rate of increase (Birch 1948; Carey 1993; Stark and Banks 2003).
Application of these female-based life tables was criticized by Chi (1988) primarily for
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disregarding natural variation in juvenile developmental times among females in cohorts,
but also for excluding males from the statistics, which may hide significant errors in
calculations of population growth parameters. A new approach was therefore proposed
based on constructing age-stage two-sex life tables from data for both females and males
and on including the variability of juvenile development into a theoretical model (Chi
1988; Huang and Chi 2012a). This approach has recently received a growing acceptance in
demographic analyses of effects of various factors on population growth of spider mites
(Kavousi et al. 2009; Khanamani et al. 2013; Yin et al. 2013; Maleknia et al. 2016; Tuan
et al. 2016), including the effects of acaricides (Wang et al. 2014, 2016; Mohammadi et al.
2016).

Adaptive strategy of the two-spotted spider mite as a colonizing species is based on high
reproduction of young adult females as the main dispersers (Sabelis 1985). On the other
hand, heterogeneity of spray coverage in the field enables population recovery on poorly
covered or uncovered plant surfaces (Saenz-de-Cabezon Irigaray and Zalom 2009; Martini
et al. 2012), which depends on the reproductive potentials of females that survived or
avoided exposure. In that context, the objective of this study was to obtain baseline data
regarding acute toxicity of the biopesticide Requiem®EC to different life stages and to
evaluate its sublethal effects on behavior and population growth of 7. urticae. The results
of the study are discussed in terms of population biology of this important mite pest.

Materials and methods
Test organism

A population of 7. urticae, set up from samples collected in a ruderal weed habitat on
the outskirts of Belgrade, has been reared on bean plants in a climate controlled room
(25-30 °C, 16/8 h of light/dark photoperiod) since March 2004.

Biopesticide

The commercial product Requiem®EC (manufactured by Bayer CropScience, Germany),
an emulsifiable concentrate formulation containing 25% essential oil extract from Che-
nopodium ambrosioides near ambrosioides, was obtained from the company representative
office in Serbia.

Bioassays

All bioassays were carried out on primary bean leaves or leaf discs (30 mm diameter)
positioned upon moistened cotton wads in Petri dishes with the abaxial surface upward.
The Petri dishes were kept in a climate chamber at 27 + 2 °C, under 50-70% RH and
16/8 h of light/dark photoperiod. Leaves and leaf discs were sprayed with the biopesticide
suspended in distilled water using a Potter spray tower (2 ml of liquid, 100 kPa air
pressure, aqueous deposit 2.7 + 0.2 mg/cmz)‘
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Acute toxicity bioassays

The acaricidal activity of Requiem™EC against eggs, larvae, protonymphs, female deu-
tonymphs, and female teleiochrysalises of 7. urticae was assessed in successive acute
toxicity bioassays carried out in five replications by spraying serially diluted concentra-
tions of the biopesticide covering a range of 10-90% mortality. The concentrations were
chosen after preliminary tests. Controls were sprayed with distilled water only. The egg
bioassay consisted of spraying primary bean leaves that carried 30-50 eggs (24 h old) per
leaf. In bioassays with the other stages, leaf discs containing 20 mites per disc were
sprayed. Mortality in the bioassays with eggs and motile immature stages was assessed
based on the number of treated mites reaching their adult stage. In the bioassay with female
teleiochrysalises mortality was assessed from the number of emerged females alive 48 h
after spraying. Concentration-mortality data were subjected to probit analysis using the
POLO Plus software (LeOra Software, Berkeley, CA, USA). A pairwise comparison of
LCsp and LCyq of the life stages was performed using the lethal dose ratio test: if 95%
confidence limits for LC ratios included 1 the LCs were not significantly different
(Robertson et al. 2007).

The bioassay with preovipositional adult females was set up in five replicates by
spraying leaf discs that carried five females per disc (1-4 discs per replication) with the
following concentrations of the biopesticide (ml/l): 10 (field recommended rate), 5, 2.5,
1.25, 0.62, and 0.31. Live females, dead females (those not able to move away at least one
body length) and run-off females (repelled females that abandoned leaf discs and were
trapped in surrounding cotton wads) were counted 24, 48 and 72 h after spraying. Mortality
and repellency were calculated as percentage of dead and run-off females, respectively, to
the total number of treated females. Fecundity of the treated females, i.e., the number of
eggs laid per female at the midpoint of 24-h interval, summed over 72 h (with an
assumption that all deaths and run-offs occurred at the midpoint) (Carey 1993) was cal-
culated as well. Mortality, repellency, and fecundity data were analyzed by one-way
analysis of variance with the means separated by Fisher’s least significant difference (LSD)
test (a = 0.05). Prior to analysis, mortality and repellency data were arcsinyx-transformed,
whereas fecundity data were vx-transformed.

Behavioral bioassay

To assess the repellent and oviposition-deterrent effects of Requiem®EC on 7. urticae
female adults, a two-choice bioassay was carried out in five replications. One half of each
leaf was covered with a thin plastic semicircle sheet with its vertical edge running along
leaf midrib, and the leaves were sprayed with a series of concentrations (0.31-10 ml/l).
After deposits dried, the sheets were removed and 20 adult females (1-day old) were placed
on each leaf midrib. Live and dead females, and the eggs they laid, were counted for each
24-h interval over 72 h both on the treated and untreated (covered) halves of each leaf. The
run-off females were counted as well.

Repellency and oviposition deterrence data were analyzed using Student’s ¢ test
(o = 0.05). Cumulative indices of repellency/oviposition deterrence (%) were calculated
as:

cC-T
C+T

x 100,
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where C is the number of mites/eggs on the untreated half, and 7 is the number of mites/
eggs on the treated half, assessed for each 24-h interval and summed over 72 h (Sundaram
and Sloane 1995; Takakura 2009; Marci¢ and Medo 2015). Cumulative run-off effect was
calculated as percentage of run-off females to the total number of females.

Demographic toxicity bioassay

To assess the effects of Requiem®EC on demographic parameters of 7. urticae, life
tables were constructed for two cohorts of mites treated at the egg stage: (1) with distilled
water (control cohort; n = 72 eggs) and (2) with the biopesticide applied at 2.5 ml/l, i.e.,
the concentration within 95% confidence limits of the LCsy estimate for this stage
(treatment cohort; n = 144 eggs). The cohorts were formed by placing a single fertilized
adult female on each leaf disc and removing it along with all eggs laid, except one, after
24 h. The mites that hatched from those eggs completed their juvenile development on the
same treated leaf surfaces. Development and survival were observed daily. Newly emerged
preovipositional adult females were transferred individually to untreated leaf discs and
paired with adult males. Because more females than males emerged, the missing number of
males was transferred from two additional cohorts formed from 20 unfertilized females
each (4 discs x 5 females) that laid eggs for 24 h and were treated either with distilled
water or the biopesticide. The pairs were kept together and their survival and the number of
eggs laid were recorded daily until all individuals were dead.

The raw life history data for females and males (except those obtained from additional
cohorts), as well as individuals of unknown sex that died before reaching the adult stage,
were analyzed in terms of age-stage two-sex life table theory (Chi and Liu 1985; Chi 1988;
Huang and Chi 2012a). The age-specific survival rate (/) was calculated as:

k
lx: § Sxjs
j=1

where x = age, j = stage, k = the number of stages, and s,; = the age-stage specific
survival rate, i.e., the probability that a newborn egg will survive to age x and stage j. The
age-specific fecundity (m,) was calculated as:

k
>_j—1 Sl

Zjl‘(:l Sxj 7
where x = age, j = stage, k = the number of stages, s,; = the age-stage specific survival
rate, and f,; = the female age-stage-specific fecundity, i.e., the mean fecundity of indi-
viduals of age x and stage j. Weighting fecundity by survivorship (/, x m,) gives the age-
specific net maternity. These two age-specific functions were used for estimating several
demographic parameters (Kavousi et al. 2009; Khanamani et al. 2013; Tuan et al. 2016).
The gross reproductive rate (GRR) was calculated as:

o0
GRR = "m,.

x=0

The net reproductive rate (R,), which expresses a multiplication factor of a population in
one generation, i.e., generation growth rate, was calculated as:
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0
R() = Z lxmx.
x=0

The intrinsic rate of increase () was estimated using the iterative bisection method from
the Euler-Lotka equation:

ie_r(”l)lxm)C =1,

x=0

with age indexed from O (Goodman 1982). This parameter is defined as the rate of natural
increase in a closed population with constant age-specific mortality and fertility schedules
and a stable age distribution. The finite rate of increase (1), which is a multiplication factor
of a population at each time unit, i.e., daily growth rate, was calculated as:

A=c¢".

The mean generation time (7), defined as the length of time that is required for a population
to increase R(-fold of its size, was calculated as:

InR

T =20
r

TWOSEX-MSChart software (Chi 2015) was used for data analysis and calculation of
parameters. Standard errors were estimated by using the bootstrap technique (Efron and
Tibshirani 1993; Huang and Chi 2012b). To obtain stable estimates 100,000 bootstrap
replicates were used. Differences between control and treatment were compared by using
the paired bootstrap test based on the confidence interval of difference (Tuan et al. 2016).

Results
Acaricidal activity against eggs and immatures
The Chenopodium-based biopesticide Requiem™EC showed various levels of acaricidal

activity against different life stages of T. urticae (Table 1). With the lowest LCso and LCq,
larvae were the most susceptible of the life stages. As juvenile development progressed, the

Table 1 Acaricidal activity of Requiem®EC (ml/l) on T. urticae after treatment of eggs (E), larvae (L),
protonymphs (PN), female deutonymphs (DNf) and female teleiochrysalises (THf)

Life stages n LCsq (ml/1) (95% CLs) LCyq (ml/1) (95% CLs) b (+SE) XZ df
E 1092 2.47 ¢ (2.26-2.74) 6.78 ¢ (5.57-8.94) 2.92 (£0.27) 142 3
L 700  0.71 a (0.60-0.83) 1.71 a (1.38-2.42) 3.37 (£0.26) 686 4
PN 700 1.13 b (0.82-1.48) 3.36 b (2.26-9.04) 2.70 (£0.32) 8.04 4
DNf 577 2.23 ¢ (1.77-2.71) 5.25 ¢ (4.10-8.04) 3.44 (£0.29) 826 4
THf 660  5.57 d (5.04-6.22) 15.32 d (12.62-20.03) 292 (£0.27) 339 4

LCs within a column followed by different letters differ significantly (the lethal dose ratios test, P < 0.05)

n, number of treated eggs/immatures; CLs, confidence limits; b, slope of regression line; df, degrees of
freedom
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biopesticide’s acute toxicity decreased, so that protonymphs were significantly less sus-
ceptible than larvae, and deutonymphs less so than protonymphs, whereas teleiochrysalises
were the least sensitive pre-adult stage. The biopesticide showed no toxic (ovicidal) action
when a concentration series from 0.84 to 3.5 ml/l was applied against eggs. Almost all
(297%) of the eggs hatched but larval emergence was delayed and juvenile development
extended for approximately 1-3 days, depending on concentration. The acaricidal effect
was actually the result of a residual action on larvae that emerged from the treated eggs;
those larvae were 3.5x and 4 x less susceptible than larvae sprayed directly, as indicated
by their respective LCsy and LCyj.

Biological effects on preovipositional females

Repellency (run-off) was the major effect of treatments of 7. urticae preovipositional adult
females, whereas mortality was a minor effect. Figure 1 shows cumulative repellency and
mortality effects 72 h after treatment of females. Repellency was most prominent 24 h after
treatment, when the percentage of repelled (run-off) females ranged from 4 to 80%,
whereas the range was 4-88% 48 h after treatment and 8—93% 72 h after treatment. A bell-
shaped profile of repellency was observed: increasing effect at 0.62—5 ml/l was followed by
a decrease at 10 ml/l.

Mortality of the treated females was 2-28% (after 24 h), 2-40% (after 48 h) and 4-44%
(after 72 h). A statistically significant difference in cumulative mortality between control
and treatment was found only in females treated with the highest concentration
(Fens = 8.54, P < 0.001). All treatments except the one with the lowest concentration
caused repellent effects significantly higher than effects in the control. (Fg,5 = 42.88,
P < 0.001).

Treated T urticae females that remained on leaf discs were able to lay eggs. The
fecundity of treated females decreased as concentrations increased (Fig. 2). Treatments
with concentrations of 10 and 5 ml/l reduced the number of eggs laid almost to none, and
fecundity was also reduced significantly by concentrations of 2.5 and 1.25 ml/l. Fecundity
decreased also after treatments with the two lowest concentrations but the differences from
control data were not significant (Fg,3 = 39.53, P < 0.001).

Fig. 1 Repellency and mortality ¢4 100 D D
in Tetranychus urticae females 3 + O Repellency
treated with Requiem® EC (ml/1) D
at preovipositional period (the 80 | B Mortality
numbers of run-off and dead %
females summed over 72 h; c
mean £ SE, different capital and 60 -
lower case letters indicate b
significant differences; ANOVA,
followed by Fisher LSD test, 40 |
P < 0.05)

20

ab ab
0 ....ﬁ.Mam.M.
10 5 2.5 1.25 0.62 0.31

Requiem®EC (ml/l)
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Fig. 2 Fecundity of Tetranychus 30
urticae females treated with a
Requiem®EC (ml/l) at 25t a +
preovipositional period (the a
number of eggs laid per female _l_ _[—
per day summed over 72 h; @ 20
mean + SE, different letters g
indicate significant differences; g 15} b
ANOVA, followed by Fisher %
LSD test, P < 0.05) 20
10} b
St
C C
0 L L 1 ' 1 L J
10 5 2.5 1.25 0.62 0.31 0

Requiem®EC (ml/l)

Behavioral bioassay: repellent and oviposition-deterrent effects

The behavior of 7. urticae females was shown in the choice test to be strongly affected by
the biopesticide. They preferred the untreated halves of leaves rather than treated halves
and this repellent effect was significant for each 24-h interval, and for the cumulative
effect, in treatments with 10, 5, and 2.5 ml/l concentrations. The cumulative repellent
effect was also significant in treatments with 1.25 and 0.62 ml/1 (Fig. 3).

Females also preferred to lay eggs on the untreated rather than treated halves of leaves
(Fig. 4). This oviposition-deterrent effect was significant cumulatively in all treatments.

(ml/)

- 031

*

0.62

.-
-
T

2.5

g .

kkk sk k | ok ok 5
ook EE ook Hokok :[I-' 10
50 40 30 20 10 0 10 20 30 40 50
No. of females
00-24h
Untreated half 024-48h Treated half
W48-72h

Fig. 3 Repellent effect of Requiem®EC (ml/l) on Tetranychus urticae (the number of females on untreated

versus treated halves of the leaves, counted for each 24-h interval and summed over 72 h; cumulative
number of females: mean & SE, ***P < 0.001; **P < 0.01; *P < 0.05, ¢ test)
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Fig. 4 Oviposition-deterrent effect of Requiem™EC (ml/l) on Tetranychus urticae (the number of eggs on
untreated versus treated half of the leaf, counted for each 24-h interval and summed over 72 h; cumulative
number of eggs: mean + SE, ***P < 0.001; **P < 0.01; *P < 0.05, ¢ test)

When counted for each 24-h interval, the number of eggs laid on the untreated halves was
significantly greater in the treatments with 10, 5, 2.5, and 1.25 ml/l. The following indices
of repellency and oviposition deterrence were calculated: 13.4 £ 10.1 and 14.8 £ 3.8
(0.31 ml/1), 11.2 £ 5.1 and 27.2 + 1.7 (0.62 ml/l), 31.5 £ 4.8 and 42.0 = 5.1 (1.25 ml/l),
50.5 £ 9.8 and 55.2 £ 7.5 (2.5 ml/1), 51.4 £ 5.2 and 68.4 £ 4.7 (5 ml/1), 77.3 £ 7.0 and
87.9 £ 3.8 (10 ml/).

Cumulative mortality of females was low (£10%). On the other hand, a run-off effect
was observed: some of the females left the leaves even though they had a choice of their
treated and untreated halves. The following percentages of cumulative run-off effect were
calculated: 4.0 £ 1.9 (0.31 ml/l), 20.0 & 4.2 (0.62 ml/1), 43.0 £ 6.4 (1.25 ml/1), 10.0 £ 3.5
(2.5 ml/1), 17.0 + 2.6 (5 ml/1), and 46.0 £ 8.3 (10 ml/1); 76% of all run-off females were
found along the margins of treated surfaces.

Demographic bioassay: effects on life-table parameters

Exposure to the biopesticide Requiem®EC affected the survivorship of 7. urticae. Figure 5
shows that immatures that hatched from the treated eggs and were exposed to residual
action of the biopesticide had considerably lower age-stage-specific survival rates (s,;) than
those in the control. The second important effect which is evident on that graph is a
prolongated developmental time and extended overlapping between immature and adult
stages in exposed individuals (Fig. 5). The preadult survival rate was 0.42 £ 0.04 and
0.93 £ 0.03, in treatment and control, respectively, whereas juvenile development lasted
9.27 + 0.11 days and 7.70 £ 0.06 days, respectively; these differences between treatment
and control were significant for both parameters (the paired bootstrap test).
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Fig. 5 Age-stage-specific survival rate (sy;) of Tetranychus urticae treated at the egg stage with distilled
water (control) and Requiem®EC applied at 2.5 ml/l (treatment)

The age-specific survival rates of total cohorts (/,), presented in Fig. 6a, show with more
clarity the considerable reduction in survivorship of the treated mites, compared to the
control. On the other hand, age-specific fecundity (m,) in the treated cohort was higher at
the peak of reproduction and over most of the ovipositional period. However, reproduction
began later in the treated females (ca. 1.6 days) due to their prolonged development
(Fig. 6b). Total preovipositional periods lasted 10.56 + 0.14 days in treated mites and
8.92 £ 0.04 days in control mites, and this difference was significant (the paired bootstrap
test). The age-specific net maternity (/, x m,) which weights fecundity data by survivor-
ship (Fig. 6¢) was considerably higher in the treated cohort over the entire oviposition
period, especially at the peak of oviposition.

Demographic parameters of 7. urticae in the control and treated cohorts are shown in
Table 2. The paired bootstrap test revealed significant differences between the cohorts in
all parameters, except gross reproductive rate (GRR). Considering that GRR is the sum of
age-specific fecundity data over the lifetime of a cohort, this finding was expected. On the
other hand, R, as the sum of net reproductive schedule was found 2.4-fold higher in the
control than in the treated cohort. A significantly higher » was found in the control cohort
due both to higher Ry and shorter developmental time; consequently, the value of A was
significantly higher as well. Mean generation time was significantly extended (for almost
2 days) in the treated cohort.

Discussion

Biological profile showing the toxicity of Requiem®EC to different life stages of 7. urticae
revealed a lack of ovicidal effect, followed by a considerable residual toxicity to hatched
larvae, as well as a higher toxicity to directly treated younger immature stages (larvae,
protonymphs) than to older ones (deutonymphs, teleiochrysalises). Direct treatment of
female adults had run-off as its major effect. To the best of our knowledge, the only
available research data about the acaricidal properties of this biopesticide were reported by
Chiasson et al. (2004a) who tested its toxicity to eggs and female adults of the two-spotted
spider mite. These authors reported 86% hatch of the eggs sprayed on bean leaf discs with
the biopesticide applied at 20 ml/l (2% v/v), which is comparable to our study in which all
eggs hatched after spraying with 3.5 ml/l. The authors assessed contact toxicity to female
adults by spraying mites that were mounted dorsally on pieces of double-coated tape glued
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Table 2 Demographic parameters (mean =+ SE) of Tetranychus urticae treated at the egg stage with distilled
water (Control) and Requiem™ EC applied at 2.5 ml/l (treatment)

®

Demographic parameters Control Treatment P value
GRR (eggs mite ") 158.06 (£15.34) a 152.84 (£9.73) a 0.77

Ry (eggs mite™") 74.10 (£8.19) a 31.09 (+4.67) b 0.00001

r (day ") 0.316 (£0.007) a 0.222 (+0.010) b <0.00001
1 (day™) 1.372 (£0.009) a 1.249 (£0.012) b <0.00001
T (days) 13.61 (£0.20) b 15.48 (£0.25) a <0.00001

Means in rows followed by different letters are significantly different (the paired bootstrap test at 5%
significance level)

GRR, gross reproductive rate; Ry, net reproductive rate; r, intrinsic rate of increase; /, finite rate of increase;
T, mean generation time

on glass microscope slides and observed 95% mortality 48 h after spraying the slides with
20 ml/I. This result is not comparable to our findings because this technique, substantially
different from the one we used, prevented mites from responding behaviorally and prob-
ably overestimated mortality. Chiasson et al. (2004a) also assessed the residual toxicity to
females placed on bean leaf discs after spraying with 20 ml/l and found mortality not to be
significantly different from the control after 48 h exposure; the authors, however, did not
specify if possible behavioral response of treated females was assessed.

Repellent or run-off effect has been observed concomitantly with various levels of
mortality in acute toxicity bioassays in which female adults of spider mites were exposed
to botanical biopesticides such as various azadirachtin-based products (Mansour et al.
1997; Sundaram and Sloane 1995; Medo et al. 2015), essential oils and other plant extracts
(Mansour et al. 1986, 2004; Manjunatha Reddy et al. 2014), as well as pyrethroids, syn-
thetic compounds modeled on natural products of plant origin (Fisher and Wrensch 1986;
Riedl and Shearer 1991; Holland and Chapman 1994, 1995). A bell-shaped pattern of
repellent effect was observed in our bioassay with 7. urticae females: an increase of the
effect with increasing concentrations of Requiem”EC was eventually followed by a sig-
nificant decrease at the highest concentration tested. This pattern indicated that a point was
reached when a substantial number of treated females became too intoxicated to disperse
from leaf discs, as observed previously in bioassays with pyrethroids (McKee et al. 1987;
Holland and Chapman 1994) and azadirachtin (Mansour et al. 1997).

In our choice test, a part of 7. urticae females ran away from the leaves (even though
they had a choice of treated and untreated surface) whereas most of the others preferred to
settle and lay eggs on the halves of leaves not treated with Requiem™EC. Repellent and
oviposition deterrent effects on spider mites have often been the result of choice tests with
essential oils and other botanicals (Dimetry et al. 1993; Sundaram and Sloane 1995;
Kumral et al. 2010; Aradjo et al. 2012; Roh et al. 2013). Run-off effects in addition to
repellency and oviposition deterrence have been reported in choice bioassays with aza-
dirachtin (Sundaram and Sloane 1995; Marci¢ and Medo 2015). This effect indicates that
some females responding behaviorally may not be able to reach untreated surface.
Repellent and oviposition deterrent effects of Requiem®EC have also been observed in a
bioassay with potato psyllid Bactericera cockerelli (Hemiptera: Psyllidae) (Yang et al.
2010) and pepper weevil Anthonomus eugenii (Coleoptera: Curculionidae) (Addesso et al.
2014).
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Our demographic toxicity bioassay showed that treatment of eggs with Requiem®EC
and its residual toxic activity against hatched individuals during their juvenile development
on treated surface, significantly reduced population growth rates of 7. wurticae. The
reduction was a consequence of lower survivorship of hatched mites in the treated cohort
and extended juvenile development and preovipositional period of those mites that sur-
vived residual exposure and reached the adult stage. The age of first reproduction
determines the value of » in such a way that the earlier an egg is laid the greater is its
contribution to population growth rate; the higher the », the more sensitive it is to decreases
in developmental time (Snell 1978; Sabelis 1985). It is therefore of crucial importance to
determine precisely the duration of preovipositional period, which is possible using the
age-stage two-sex life tables, that take into account the stage overlapping and variation in
developmental time among individuals. On the other hand, traditional female age-specific
life tables are based on the mean of developmental time, assuming that all females have the
same preadult duration and emerged at the same age, which may cause errors in calculating
r and other demographic parameters (Huang and Chi 2012a; Khanamani et al. 2013). Few
reports are available currently that assess the effects of pesticides on spider mites by
employing the age-stage two-sex life table theory. Wang et al. (2014) treated T. urticae
eggs with the pyrethroid bifenthrin at LC,¢ and LC,s, and transferred hatched larvae onto
untreated leaf surface. They found that the juvenile developmental time and preoviposi-
tional period were significantly extended, and Ry, r and A significantly reduced.
Mohammadi et al. (2016) assessed sublethal effects of a citronellol-based biopesticide on
T. turkestani: adult females were exposed to the biopesticide applied at LC,5 and removed
after 6 h, whereas eggs laid by the females were kept and development and reproduction of
hatched mites took place on treated leaf surface. They observed an (unexpected) increase
in population growth rates in treatment as a consequence of significantly decreased
developmental time and increased fecundity.

Our bioassays with T. urticae female adults revealed a strong behavior-modifying action
of the biopesticide Requiem™EC at application rates ranging from the field relevant con-
centration of 10 ml/l, to 1/16 or 1/32 of that concentration. Most of the females treated
directly ran off the treated surface, and a considerable part of the females having a choice
between treated and untreated surface also walked away from the leaves, whereas most of
the others preferred the untreated over treated leaf surface. The authors of several studies
dealing with acute toxicity of pyrethroids and some other acaricides to spider mites (Fisher
and Wrensch 1986; Riedl and Shearer 1991) considered the run-off mites as a part of total
mortality (or biological effectiveness) together with the dead mites found on treated plant
surface. They argued that mites leaving such treated surface would otherwise either be
killed after reaching another treated plant (leaf) surface or die of starvation away from their
host plant. However, spray coverage is spatially and temporally heterogenous, often
leaving refugia, i.e., poorly covered, uncovered or newly expanded areas on leaves (Saenz-
de-Cabezon Irigaray and Zalom 2009; Martini et al. 2012) that could be colonized by
spider mites leaving or avoiding the treated surface. In these circumstances, the concept of
biological effectiveness should yield to the concept of population recovery which depends
on the reproductive potential of mites reaching refugia.

Considering the stable age distribution of 7. urticae in which eggs, immatures, and
adults account for around 66, 26, and 8%, respectively (Carey 1982), it could be predicted
from our results that the concentration of 10 ml/I (i.e., 27 nl/cm?, assuming aqueous deposit
2.7 pl/em?) would eliminate the largest part of population (virtually all immatures), while
most of the surviving females would respond behaviorally. At lower applied concentra-
tions, such behavioral response would be still evident, and a part of immature spider mites
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would also survive. The concentration that killed around 50% of the mites that hatched
from treated eggs (and large numbers of other immatures) would reduce population growth
significantly, but survivors would still retain a considerable potential for recovery. Besides
assessing the concentration-dependent mortality across life stages, our study also repre-
sents the first report on sublethal effects of the biopesticide Requiem™EC on T. urticae and
spider mites. Further research focusing on sublethal effects to behaviorally responding
females is needed to evaluate the overall impact of Requiem®EC on two-spotted spider
mites and to obtain additional data that could improve the use of this biopesticide product.
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