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Pesticides and passive dispersal: acaricide-
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Abstract

BACKGROUND: An understanding of the causes and consequences of dispersal is vital for managing populations. Environmental
contaminants, such as pesticides, provide potential environmental context-dependent stimuli for dispersal of targeted and
non-targeted species, which may occur not only for active but also for passive dispersal, although such a possibility is frequently
neglected. Here, we assessed the potential of food deprivation and acaricides to interfere with the take-off for passive (wind)
dispersal of the predatory mite Neoseiulus baraki.

RESULTS: Wind tunnel bioassays indicated that starvation favoured the take-off for wind dispersal by the mite predator, which
also varied with wind velocity, and dispersal increased at higher velocities within the 1-7 (m s~') range tested. For the acaricides
tested, particularly the biopesticide azadirachtin but also abamectin and fenpyroximate, the rate of predator take-off for
dispersal increased, and further increased with wind velocity up to 7 m/s. Such responses were associated with changes in the
predator behavioural preparation for wind-mediated passive dispersal, with a greater incidence of the standing posture that
permitted take-off.

CONCLUSION: The rate of take-off for passive dispersal by N. baraki increased with food deprivation and exposure to the
residues of agricultural acaricides. Azadirachtin exposure resulted in a particularly strong response, although abamectin and
fenpyroximate also stimulated dispersal.
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1 INTRODUCTION

habitat suitability, favouring dispersal from the contaminated

The dispersal of an organism from one patch to another is a
trait with fitness consequences for the dispersing individual, with
hierarchical significance particularly for population structure and
dynamics.'-3 Dispersal has a central role in structuring popula-
tions because it allows spatial cohesion of conspecifics, global per-
sistence despite local extinctions, and the tracking of favourable
environmental conditions.* Thus, dispersal is important for both
population management, particularly for integrated pest man-
agement, and response to environmental changes, which also
has implications for pest control."> Furthermore, competition,
inbreeding and environmental stochasticity are driving forces of
dispersal, which allows adaptation to ephemerally suitable habi-
tats which are common in agroecosystems.'*

Dispersal may be either active or passive and encompasses all
movements of individuals in the three following stages: (i) depar-
ture (or emigration), (ii) the vagrant stage, and (iii) settling (or
immigration).>> Regardless, dispersal is determined by the balance
between the costs and benefits guiding phenotype-dependent
and condition-dependent decisions.*¢ Declining habitat suitabil-
ity is an important trigger of dispersal, including reduction of food
sources, and changes in temperature and humidity conditions,
among others.” Management tactics also potentially compromise

habitat, a typical condition-dependent decision, although pesti-
cide use may also shift species dominance and prevailing popula-
tion phenotypes.8~'° Curiously, the potential impact of pesticides
on the dispersal of targeted and non-targeted species remains
largely unrecognized, with even less recognition of passive dis-
persal. Whereas active dispersal may be potentially compromised
by sublethal insecticide effects, particularly those of neurotoxic
pesticides which are more likely to impair neural and/or mus-
cle activity,>'" little is known about the potential effect of pesti-
cides on the passive dispersal of arthropods. Nonetheless, such
effects may be significant and may potentially either enhance or
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impair insecticide efficacy depending on the species and context
considered.

Passive dispersal is prevalent among some arthropods. For
example, mites are usually constrained to a restricted range of
conditions because of rather limited locomotor abilities. However,
these organisms use a variety of dispersal tactics for reaching
alternative patches of suitable habitats.> Therefore, mites are suit-
able models in which to explore the potential effect of pesti-
cides on passive dispersal, which is also usually affected by food
deprivation.” Wind dispersion is common among mite species,
and can be favoured by behaviours and postures that prepare the
mite for take-off and dispersal.'>'® The lifting of body parts in spi-
der mites (tetranychids),'*'® eriophyids,'®~"and phytoseiids,2%?'
and the production of structures such as silk threads that allow
ballooning or roping in spider mites'*'>2?2 are behaviours com-
monly associated with (passive) wind dispersal of mites. Exposure
to acaricides can affect these behaviours, which may interfere with
take-off.

Pesticides may affect passive dispersal by directly affecting mite
physiology as a consequence of the toxic effect of primary or sec-
ondary modes of action but may also lead to behavioural avoid-
ance and even indirectly interfere with passive dispersal by affect-
ing the density of conspecifics and/or heterospecifics or other
environmental conditions.’ Therefore, the strength of the dispersal
stimuli and their consequences will vary with the mite species and
its guild, whether pest or predator, and the environmental context.
Areduction in prey density itself, and consequent food deprivation
(or starvation), are habitat characteristics that are also potential
consequences of pesticide applications and usually favour disper-
sal, particularly of phytoseiid mites.?=2® The phytoseiid Neoseiulus
baraki (Athias-Henriot) is a key predator of the coconut mite Aceria
guerreronis Keifer (Acari: Eriophyidae), which is notoriously diffi-
cultto control and against which acaricides are frequently required
to aid in the management of this bract-hidden pest species.?’~3°
Nonetheless, some of the acaricides used against the coconut
mite compromise the survival and/or performance of its phyto-
seiid predator N. baraki.3'~34

The wind-mediated passive dispersal of N. baraki may also be
affected by acaricides used against its prey, including the coconut
mite, and so this mite species is useful as a model to test pesticide
effects on passive dispersal. The biopesticides abamectin and
azadirachtin, in addition to the conventional (specific) acaricide
fenpyroximate, are frequently used against the coconut mite in the
Neotropics, leading to sublethal exposure of N. baraki.3?-3> There-
fore, we hypothesized that sublethal exposure of the phytoseiid
predator to these compounds and starvation may interfere with its
passive dispersal via wind. Wind tunnel bioassays were conducted
to test whether starvation and wind velocity would affect take-off
for dispersal, the primary stage of passive dispersal in this species,
and whether the different acaricides would interfere with such dis-
persal. Because abamectin is a neurotoxic compound that blocks
gamma-aminobutyric acid (GABA)-gated receptors in inhibitory
synapses, ultimately resulting in paralysis,*® sublethal exposure
to this actinomycete-derived biopesticide probably impairs mite
behaviour and compromises dispersal take-off. Fenpyroximate
also probably impairs dispersal take-off because its primary mode
of action is inhibition of mitochondrial electron transport, which
impairs respiration and therefore the activity of an organism.3738
By contrast, azadirachtinis a growth regulator expected to increase
dispersal take-off, because this compound elicits behavioural
avoidance in some insect species®® including in the mite
N. baraki 323335

2 MATERIALS AND METHODS

2.1 Mites

Females and males of the predatory phytoseiid mite N. baraki
were collected from coconut fruits infested with the coconut mite
(A. guerreronis) on Itamaracd Island off the coast of the state of
Pernambuco, Brazil (07°46’ S, 34°52" W). The mites were reared
on discs of black polyvinyl chloride (PVC; 16 cm diameter) placed
on a 1-cm-thick foam mat lining the bottom of a plastic tray kept
wet by daily filling the tray with water. The margin of the PVC
discs was surrounded with moist hydrophobic cotton to prevent
the escape of mites. One hundred female predatory mites were
released on each PVC disc, and were daily provided with epidermal
fragments of coconut perianth (ca. 1 cm?) containing between 80
and 100 coconut mites (A. guerreronis) at different developmental
stages.323*3> The mites were reared under controlled conditions of
27.0 + 0.5°C and 75.0 + 10.0% relative humidity (RH), with a 12-h
photoperiod; the same conditions were used for all bioassays.

2.2 Acaricides

Three acaricides in commercial formulations were used in the
bioassays with the predatory mite: abamectin (Vertimec; 18 g
a.i./L; emulsifiable concentrate; Syngenta, S&o Paulo, SP, Brazil),
azadirachtin (Azamax; 1.2 g a.i./L; emulsifiable concentrate; DVA
Agro, Ituverava, SP, Brazil), and fenpyroximate (Ortus; 50 g a.i./L;
suspension concentrate; Arystalifescience, Salto de Pirapora, SP,
Brazil). The acaricides were used at the following single rates corre-
sponding to their respective maximum label rate registered for the
coconut mite in Brazil:*° 13.5 mg a.i./L for abamectin, 30.0 mg a.i./L
for azadirachtin, and 100 mg a.i./L for fenpyroximate. These label
rates were sublethal concentrations for the predatory mite, as pre-
viously demonstrated,?** and no mortality was observed during
the bioassays.

2.3  Wind tunnel

A wind tunnel for microarthropods was used for the wind take-off
bioassays, as previously developed and described by Melo et al.’®
Briefly, the wind tunnel consisted of a glass tube (3.5 cm diam-
eter x 10 cm length) with a free air inlet at one end and a PVC
connection to a vacuum pump (A10S/220V; Electrolux, Curitiba,
PR, Brazil) at the other end. An insect pin (no. 2; 2 cm long) was
glued inside at 0.5 cm from the free end of the glass tube, and an
epidermal disc of coconut fruit (0.2 mm thick and 0.5 cm diame-
ter) was attached to the pinhead. The epidermal disc was edged
with insect glue (Biostop; Biocontrole, Indaiatuba, SP, Brazil) to pre-
vent the mites from crawling away from this dispersal take-off
platform. The vacuum pump was connected to an AC/DC vari-
able voltage transformer allowing adjustment of the wind veloc-
ity within the wind tunnel, which was measured with a digital
thermal anemometer (0.1 m/s precision; model 9515; TSI, Shore-
view, MN, USA) placed at the free end of the tunnel. The exper-
iment with the wind tunnel was observed under a stereomicro-
scope in ambient conditions of 27.0 + 1.0 °C, 75 + 10% RH and
801.90 = 10.35 lux.

2.4 Bioassays of starvation and wind velocity

To test the effect of mite starvation, the wind take-off bioassay
was performed using two groups of mites, one starved for 24 h
and one not starved (i.e. fed). Five female predatory mites were
used in each trial and were placed on the platform disc of coconut
epidermis in the wind tunnel. After the placement of the female
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mites on the take-off platform, the vacuum pump was adjusted
to the desired wind velocity, which ranged from 1 to 7 m/s. The
mites were allowed 10 min to take off, after which mite dispersal
was recorded. At least five different wind velocities were used, with
ten independent trials for each treatment (starved and fed mites)
and velocity.

2.5 Bioassays with acaricide-contaminated surfaces

The wind tunnel bioassays were performed as described above
with the only exception that the coconut platform was contami-
nated with the acaricides at their respective label rates. The con-
trols were without acaricide application (only distilled and deion-
ized water was used). The disc fragments of coconut epidermis
used as take-off platforms were immersed for 5 s in the desired
concentration of each acaricide (or water for the control) and
allowed to dry at environmental temperature before use. A mini-
mum of five wind velocities ranging from 1 to 7 m/s were also used
in ten independent trials for each acaricide and wind velocity. Only
well-fed female mites (i.e. not starved) were used in these bioas-
says.

2.6 Acaricide effect on mite behaviour for wind take-off

for passive dispersion

The behaviour of female predatory mites taking off for wind dis-
persal was recorded at the single wind velocity of 3 m/s, because
this allows dispersal with the broadest behavioural repertoire
based on preliminary assessments. The wind take-off bioassays
were performed as previously described, with the single differ-
ence that only one non-starved female was used per trial, which
was observed throughout the bioassay using a stereomicroscope
(Carl Zeiss Microscopy, Gottingen, Germany) coupled to the wind
tunnel. Twenty females were used for each acaricide (and con-
trol), and the behaviours were recorded and assessed by building
ethograms and analysing the first-order sequential behavioural
transitions and time budgets.

2.7 Statistical analyses

The effects of female mite starvation and acaricide-contaminated
surfaces on mite take-off for dispersal were subjected to analy-
ses of covariance with either feeding condition (starved or not) or
acaricide as the covariate and wind velocity as the independent
variable (PROC GLM; SAS statistical software package; SAS Insti-
tute, Cary, NC, USA). Complementary regression analyses were also
performed with wind velocity as the independent variable using
the curve-fitting procedure of TableCurve 2D (Systat, San Jose, CA,
USA). The significant (linear or near-linear) regression models (P
< 0.05) were tested from the simplest to more complex models
and selected based on the criteria of parsimony, high F-value, and
steady increases in R? with model complexity. The residual dis-
tributions were checked in each analysis to validate parametric
assumptions.

The ethograms depicting the sequence and frequency of
behaviours were manually constructed for each acaricide treat-
ment based on first-order behavioural transitions. The frequency
of behavioural transitions for each acaricide treatment (in addi-
tion to the control) was tested using a y? contingency table
(5 x 6; P < 0.05; PROC FREQ in SAS). The significance of dif-
ferences in the proportion of behavioural transitions between
acaricide-contaminated and uncontaminated surfaces was deter-
mined using the y? test with Yates’ correction for continuity (P
< 0.05). The significance of overall treatment differences in the
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Figure 1. Dispersion (%; mean + standard error) of females of the

predatory mite Neoseiulus baraki, either well-fed or starved.
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Figure 2. Dispersion (%; mean =+ standard error) of females of the preda-
tory mite Neoseiulus baraki exposed to acaricide-contaminated take-off
surfaces.

frequency of each behavioural transition was determined using
the (non-parametric) Kruskal-Wallis test (P < 0.05) (PROC NPAR1
WAY in SAS).

The time budget data for each behaviour regarding female
mite take-off for dispersal were subjected to time failure analyses
(i.e. survival analyses) using Kaplan—-Meier estimators to test for
overall differences with the y? log-rank test (P < 0.05) and to
obtain the median duration of each behaviour (PROC LIFETEST
in SAS). Pairwise comparisons between acaricide treatments were
performed using the Holm-Sidak test (P < 0.05).

3 RESULTS

3.1 Bioassays of starvation and wind velocity

Analysis of covariance of mite take-off among starved and fed
females at increasing wind velocities indicated significant differ-
ences (F,,,,; = 58.67; P < 0.001), with a significant interaction
between starvation condition and wind velocity (Fs,,, = 4.40;
P = 0.001). Suitable quadratic regression models were subse-
quently obtained for starved and fed female mites, demonstrating
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Figure 3. Ethogram of the dispersal take-off behaviours of the predatory mite Neoseiulus baraki exposed to acaricide-contaminated take-off surfaces
represented as first-order transition diagrams. The solid arrows indicate each behavioural transition. The thickness of each arrow represents the frequency
of each behavioural transition (n = 20). The asterisk indicates a significant difference in behavioural transition compared with unexposed insects on an

uncontaminated surface using the y2 test (P < 0.05).

that dispersal increased significantly with wind velocity (Fig. 1).
The dispersal curve was steeper for starved mites, which
always exhibited higher rates of dispersal than non-starved
ones. For fed mites, dispersal was negligible at low wind
speed (1 m/s).

3.2 Bioassays with acaricide-contaminated surface
The analysis of covariance was significant for mite take-off
from different contaminated surfaces at increasing wind

velocities (F,;,05 = 48.08; P < 0.001), with a significant inter-
action between starvation condition and wind velocity (F;; g
= 1.92; P = 0.03). Quadratic models again best described the
mite take-off with increasing wind velocity. The lowest rate of
take-off was for untreated mites and the highest was for mites
from azadirachtin-contaminated surfaces; the rate of take-off from
abamectin- and fenpyroximate-contaminated surfaces was higher
than that observed with unexposed insects but lower than that of
azadirachtin-exposed mites (Fig. 2).
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Figure 4. Frequency of the incidence of each behaviour leading to take-off
for wind dispersal of females of the predatory mite Neoseiulus baraki
exposed to acaricide-contaminated take-off surfaces. The results of the
(non-parametric) Kruskal-Wallis test (P < 0.05) used to test for differences
among acaricides are indicated for each behaviour.

3.3 Acaricide effect on mite behaviour for wind take-off

for passive dispersion

3.3.1 Sequential analyses

The take-off for dispersal among female mites of N. baraki was
characterized by the following sequence: resting, walking with
front legs raised, resting with front legs raised, standing on hind
legs, and eventual wind take-off (Fig.3). The overall frequency
of the first order of behavioural transitions for dispersal take-off
from contaminated surfaces was significantly differentamong aca-
ricides (y? = 25.56; df = 15; P = 0.04; Fig.4). Compared with
acaricide-exposed mites, unexposed mites exhibited a higher fre-
quency of transitions towards resting and lower latter behaviour
transitions leading to take-off (Fig.4). Some marked differences,
particularly for the transition to the last behaviour before take-off,
standing on hind legs, were evident between abamectin-exposed
and unexposed mites (Fig. 3).

3.3.2 Time budgets

The length of time spent resting and walking with front
legs raised did not differ among mites subjected to different
acaricide-contaminated surfaces (resting: 3.77 + 0.43 min (overall
mean =+ standard error); y? = 6.30; df = 3; P = 0.10; walking with
front legs raised: 0.85 + 0.14 min; y? = 5.53; df = 3; P = 0.14),
whereas the time spent in the other behaviours was significantly
different (y? > 9.15; df = 3; P = 0.03). Whereas unexposed and
azadirachtin-exposed mites spent more time walking and later
resting with front legs raised and standing on hind legs, fenpy-
roximate exposure caused the opposite behaviour (Fig. 5). Mites
exposed to abamectin walked less than those in the other treat-
ments, but the other behaviours were not significantly different.

4 DISCUSSION

The take-off, departure or emigration stage of dispersal, unlike
the vagrant and settling (or immigration) stages, is the primary
organism-controlled stage of passive dispersal.*! Therefore,
take-off was the target of our study exploring the poten-
tial interference of pesticides with passive dispersal, a subject
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Figure 5. Duration of each behaviour leading to take-off for wind dis-
persal of females of the predatory mite Neoseiulus baraki exposed to
acaricide-contaminated take-off surfaces. Box plots indicate the median
(solid line), mean (dashed line), and dispersal (lower and upper quar-
tiles and outliers) of the duration values. Different lowercase letters in
the box plots indicate significant differences by the Holms-Sidak test
(P < 0.05).

frequently neglected despite its potential implications for popu-
lation structure and dynamics with unrecognized management
consequences. In this study, the effects of food deprivation
and acaricide exposure on the take-off for passive dispersal of
the predatory mite N. baraki at different wind velocities were
assessed. We hypothesized that starvation would probably
favour dispersal in the search for better resource patches and
that acaricides would probably interfere with such dispersal,
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either compromising take-off behaviour because of the mode of
action (for abamectin and fenpyroximate) or stimulating take-off
because of behavioural avoidance of the acaricide surface residue
(for azadirachtin). Indeed, the results obtained with this biocontrol
agent of the coconut mite indicated that starvation favoured
female predatory mite dispersal and that acaricides interfered
with the take-off process. However, in contrast to our initial expec-
tation, all the compounds promoted take-off for passive dispersal
as wind velocities increased.

Wind is the carrier for the passive dispersal of mites, and there-
fore wind velocity affects this process. In this study, increases in
wind velocity between 1.0 and 7.0 m/s led to increased rates
of take-off for passive dispersal among females of the predatory
phytoseiid N. baraki. The energetic costs involved in passive dis-
persal are minimal, and therefore take-off is efficient even for
starved individuals.>® Moreover, the individual-dependent condi-
tion of starvation is more likely to favour passive dispersal because
not much energy is expended in the process."*® Because the air
currents (i.e. wind) are stronger in the coastal areas typical of
coconut production, the importance of this relationship between
wind velocity and mite dispersal is further emphasized. A posi-
tive relationship between wind velocity and (passive) dispersal has
been reported for other phytoseiid predatory mites,*'#? and, as
expected, N. baraki can now be added to this list.

Food limitation or unsuitability is an important proximate cause
of dispersal as a condition-dependent factor associated with the
decision to disperse."*6 Such an association is recognized in differ-
ent species,’ including species of mites and particularly predatory
phytoseiids.>?>2642 Therefore, the increased rate of take-off for dis-
persal with food deprivation among females of the predatory phy-
toseiid N. baraki was not surprising. Although well-fed mites also
took off for dispersal and at increasing rates with increasing wind
velocities, similar to starved mites, the rate of take-off was always
lower for well-fed than for starved mites. In addition to the drive
of starved mites to seek better (food-rich) patches, the lower body
mass is also a potential contributor that favours take-off for wind
dispersal, as suggested previously by Jung and Croft.*?

Sublethal pesticide exposure can interfere with individual phys-
iology, causing changes in behaviour because of either toxic or
non-toxic responses associated with such exposure.”'® Thus, we
were expecting the acaricides to interfere with passive dispersal
of N. baraki, as the dispersal requires a particular set of behaviours
leading to a posture able to maximize the effectiveness of taking
off on the wind.’>'* We expected that the neurotoxic biopesti-
cide abamectin and the electron transport inhibitor fenpyroximate
would impair insect activity and compromise the behaviours lead-
ing to take-off for passive dispersal. As the primary mode of action,
abamectin blocks GABA-gated receptors in inhibitory synapses,
leading to paralysis, and fenpyroximate inhibits respiration,36-38
both probably affecting behaviours. However, the acaricides all
stimulated dispersal take-off, the rate of which increased with wind
speed, although this was our expectation only for the biopes-
ticide azadirachtin, because this compound is known to elicit
behavioural avoidance in some arthropod species,®> including N.
baraki3%333>

All the acaricides tested increased the rate of take-off for wind
dispersal, although the effect was strongest for azadirachtin. Thus,
this botanical biopesticide apparently induced stronger avoid-
ance in the female mites of N. baraki upon exposure to the
contaminated surface, reflecting both the repellence and irritabil-
ity caused by this compound in ambulatory studies with preda-
tory species.3'33 Fenpyroximate exposure led to avoidance of

the contaminated surface by walking N. baraki, but abamectin
exposure did not. Thus, of these two acaricides, only fenpyroxi-
mate elicited mild irritability, and neither elicited repellence in the
predatory mite.>' Based on the findings of these earlier studies and
the present study, N. baraki responds differently to the three aca-
ricides in terms of avoidance and thus take-off for dispersal, with
azadirachtin causing strong repellence and irritability, fenpyroxi-
mate eliciting only irritability, and abamectin eliciting mild irritabil-
ity. The use of only female mites in our dispersal take-off study
might have contributed to the high resolution observed, because
females are more prone to disperse and more likely to benefit from
dispersal than males as founders of new colonies.”> The increased
activity of acaricide-exposed mites and incidence of take-off pos-
turing, which led to quicker take-off, favoured wind dispersal by
N. baraki. Thus, the acaricides mediated increased take-off for pas-
sive dispersal, even for abamectin exposure, compared with unex-
posed mites on an uncontaminated surface.

The acaricide-induced wind dispersal of N. baraki was a likely
response to the perception of patch unsuitability by the female
mites. This response minimizes acaricide exposure and there-
fore will benefit the predatory mite survival when fleeing the
chemical challenge. This response takes place even though the
predatory mite is able to sustain the physiological cost associated
with higher tolerance to acaricides compared with the coconut
mite.3* This behavioural outcome and consequences have been
reported in other insect species and have potential management
implications.>*# Although survival of the biocontrol agent will
improve upon dispersal after acaricide use, the dispersal will be
from a patch infested with a mite pest species that requires the
predator for biocontrol. Thus, mite pest control is unlikely to ben-
efit from such ecological selectivity achieved with dispersal, but
may allow quicker recolonization and population build-up subse-
quently with environmental acaricide degradation. Nonetheless,
this potential outcome warrants field testing to assess its likelihood
and potential importance in the field.
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