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Abstract

Peanut red spider mite, Tetranychus ogmophallos, exhibits a peculiar dispersal behav-
ior using silk balls, which involves clustering of mites and spinning of webs at the top of
plants. Such a dispersal mechanism has not been studied for this species yet. Therefore, this
study aimed at using mathematical models to describe aerial dispersal and silk ball forma-
tion of peanut red spider mite on peanut plants. The influence of wind speed, generated
by a wind tunnel, on the dispersal of mites was studied in two experiments, one with 500
mites per plant and one with 1000 mites per plant, and six wind speeds (5, 10, 15, 20, 25,
and 30 km h™") for each mite density. The proportion of displaced mites and the distance
they were blown were measured. Another series of experiments considered the formation
of silk balls to assess how fast balls were formed as a function of time and the number of
mites present on a peanut plant. Data from the wind tunnel experiments were analyzed by
logistic regression and multiple regression to assess the proportion of displaced mites and
the distance moved, respectively, as functions of wind speed and the initial density of mites
on the donor plant. The distribution of dispersal distances from the donor plant was fitted
by a mathematical model proposed by Ricker (J Fish Res Board Can 11:559-623, 1954).
The number of mites moving upwards on a plant to be involved in silk ball formation was
modeled as a function of time based on the initial number of spider mites and their esti-
mated birth, death and movement rates per capita. Logistic regression was used to analyze
the presence of balls as a function of time elapsed since a plant was infested with spider
mites. Finally, non-linear regression was applied to link ball size to the total number of
mites occupying the ball. The data analyses revealed that wind speed had a significant posi-
tive effect on take-off probability and distance moved by individual mites, whereas mite
density had little influence. Ricker’s model adequately described the distribution of dis-
persal distances. The models describing silk ball formation also described data very well.
Ball size was found to increase almost linearly with the number of mites found in the ball.
We expect that the knowledge provided by the present study will help to develop efficient
management strategies against 7. ogmophallos in peanut crops as dispersal seems to be a
key factor in the species’ capability to become a serious pest.
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Introduction

One of the main ways of dispersal in phytophagous mites is through wind currents (Boykin
and Campbell 1984; Li and Margolies 1993; Lawson et al. 1996; Osakabe et al. 2008).
Although apparently trivial, it is a complex behavior, especially for apterous arthropods
such as mites. Studies show that some mite species expose themselves to wind currents
voluntarily (Brandenburg and Kennedy 1982; Osakabe et al. 2008), with different behav-
iors according to age and gender (Li and Margolies 1993) and unlinked to food deprivation
(Li and Margolies 1993; Azandame-Hounmalon et al. 2014).

Among the Tetranychidae species, the peanut red spider mite Tetranychus ogmophallos
Ferreira and Flechtmann is recognized for their vast colonies with thousands of individuals
and the ability to weave large amounts of webs (Andrade et al. 2016). The silk, which is
classified by Saito (1983) as produced by type CW-u spider mites, serves to protect colo-
nies and helps the mites to disperse (Bell et al. 2005). Mites belonging to CW-u weave
complex dense webs with an irregular, three-dimensional or layered structure. In the field,
T. ogmophallos feeds on plants of Arachis species (Fabaceae) (Rivero 2018), and the mite
is one of the key pests of peanut species [Arachis hypogaea L. and Arachis pintoi (Krap.
and Greg.)] in Brazil (Bonato et al. 2000; Lourenc¢do et al. 2001; Melville et al. 2019)
(Fig. 1). In this country, T. ogmophallos occurring in peanut crops has been confused for
decades with the tomato red spider mite, Tetranychus evansi Baker and Pritchard (Melville
et al. 2018).

At high population levels, T. ogmophallos individuals move to the upper part of their
food plants to form collective silk balls which serve to facilitate aerial dispersal (Clotuche
et al. 2013). They produce a structure consisting of silk and mites, both dead and alive,
which can be carried away by the wind (Weeks et al. 2000). Such a gregarious dispersal
behavior confers many advantages to the population (Lioni and Deneubourg 2004), such
as increased chances of mating (Hambéck 2010; Clotuche et al. 2011), and lower predation
risk (Dittmann and Schausberger 2017). On the other hand, clustering also has disadvan-
tages, such as higher competition for food and space (Clotuche et al. 2013).
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Fig.1 Map of Brazil highlighting the main region of peanut production and a field severely infested by Tet-
ranychus ogmophallos. Note the quantity of web and formation silk balls at the top of plants
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Dispersal of mites, either as single individuals being carried away by the wind or as
groups of individuals being collectively transported inside silk balls, is an essential factor
for T. ogmophallos population dynamics. So, understanding dispersal behavior and the fac-
tors eliciting it may help to forecast outbreaks in peanut cropping areas and, thus, facilitate
their management. Gregarious organization of a species is intrinsically related to its spatial
and vertical distribution and time—space structure. Furthermore, some populations show
a positive relationship between population density and growth rate, at least initially. This
phenomenon is known as the Allee effect (Allee and Boven 1932; Wang and Kot 2001).

Dispersal is a mechanism that has a direct influence on the ability of a pest species to
develop resistance against pesticides through the migration of individuals among popula-
tions (Fragoso et al. 2003; Alves et al. 2005). Therefore, an effective management strat-
egy considering migration patterns of a species may reduce environmental impacts if fewer
treatments of the crop with acaricides will be needed (Jeger 1999). In this context, math-
ematical models are important for quantifying information on ecological factors related
to herbivorous mites and insects in crop areas, including dispersal mechanisms (Hiebeler
2004; Garcia et al. 2014). As far as we know, this is the first study on the dispersal mecha-
nisms of 7. ogmophallos. Thus, the purpose of this paper was to model dispersal and silk
ball formation of the peanut red spider mite.

Materials and methods
Tetranychus ogmophallos colony and plants used in experiments

To establish a colony, we collected T. ogmophallos mites in a field of forage peanut (A. pin-
toi) located in Jaboticabal city, Sdo Paulo state (Brazil). They were then reared on plants of
A. hypogaea cv. Granoleico in 10-1 pots filled with soil, sand, and bovine manure (1:1:1).
Some specimens of adult males and females were mounted in Hoyer’s medium on micro-
scope slides to confirm the species using a phase-contrast microscope, according to Fer-
reira and Flechtmann (1997). The pots were kept in a greenhouse (18-30 °C and 48-58%
RH), and plants were replaced by new ones whenever needed, and mites were transferred
to the new plants by leaning them against the old ones.

In all experiments, peanut plants (A. hypogaea cv. Granoleico) were about 25 cm high
(50 days after seeding) and were grown under the same conditions as used to maintain the
mite colony.

Influence of wind speed on aerial dispersal

The influence of wind speed on aerial dispersal was assessed by two experiments per-
formed from August through November 2016 in a non-climatized room of 6 x4 m. An
experiment was initiated by infesting a plant with fertilized 7. ogmophallos females of
unknown age (either 500 or 1000 mites per plant). Initially, the mites were transferred to a
peanut leaflet kept in a Petri dish (60 mm diameter, 15 mm high). Then, in order to ensure
the contact of mites with plants at the same time, each leaflet was attached to the respective
experimental plant.

One day after infestation, plants were exposed to wind, using an experimental set-
up adapted from Gamliel-Atinsky et al. (2009) (Fig. 2). The equipment consisted of a
tube (1 m long, 30 cm diameter) coupled to another tube (1 m long, 40 cm diameter). A

@ Springer



88 Experimental and Applied Acarology (2020) 81:85-102
( ] Sheets with industrial vaseline Sheets with industrial vaseline

PVC blade PVC blade

Fig.2 Wind tunnel adapted from Gamliel-Atinsky et al. (2009) used to study the influence of wind speed
on the aerial dispersion of Tetranychus ogmophallos. ZD1 and ZD2 are zinc discs of 400 and 300 mm in
diameter, respectively, to prevent turbulence of the wind flow produced by the fan. (Color figure online)

20-cm-wide PVC board was mounted inside the larger diameter tube, where A4 transpar-
ent sheets, coated with industrial vaseline, were placed side-by-side in a 2-m-long row.
The sticky sheets served to intercept mites blown-off the donor plant and were removed at
the end of an experiment. An electric fan with a three-speed switch was positioned at the
opening of the smaller diameter tube. The distance between the fan and plants was adjusted
to obtain the desired wind speed. Wind speed was measured by a digital anemometer at
the plant position (Boykin and Campbell 1984). Zinc discs (40 and 30 cm diameter) were
placed in front of the fan to avoid turbulence from the movement of the fan propeller. The
increase in the diameter of a disc reduced the wind speed in the tunnel.

The rate and distance at which mites were blown away from a plant were assessed at six
airflow speeds (5, 10, 15, 20, 25, and 30 km h™!). Each speed was repeated 20 X and with
an exposure time of 10 min per repetition. The distance of displacement was measured
utilizing marks placed for each 10 cm inside the tube. Mites landing in each demarcated
distance interval were counted, and the distance moved by an individual was assigned to
the mid-point of the interval.

Modeling the effect of wind speed on aerial dispersal

The model proposed by Ricker (1954) was used to model the distribution of distances
moved by the mites recovered inside the wind tunnel. For a given mite density and wind
speed, the proportion of mites found in the distance interval between x and x+dx is pre-
dicted to be

dy = axe™/" dx, (D

where a and y are the model’s shape parameters. In principle, x could take any value
between 0 and infinity, but due to the length of the wind tunnel, x only took values between
0 and 200 cm, which means that mites blown more than 2 m away from the donor plant
(x>200 cm) were not recorded. Equation 1 was fitted to data by replacing dx with Ax
(10 cm) and dy with Ay, defined as the proportion of recovered mites found in the interval
between x and x+ Ax cm where x=0, 10, 20, ..., 190 cm. Finally, x in Eq. 1 was replaced
by the midpoint of the interval between x and x+ Ax. Prior to statistical analysis, the 20
replicates for each experimental set-up were combined, so that Ay was calculated as the
total number of recovered mites in the xth distance interval divided by the total number of
mites found in all 20 intervals. The model was fitted to data by means of Proc NLIN (SAS
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Institute 2020), yielding estimates of a and y, as well as their asymptotic standard errors,
for each combination of initial mite density and wind speed.

As the parameters of Eq. 1 are likely to depend on wind speed and probably also on
mite density, Eq. 1 was generalized by including wind speed (W) and initial mite density
(N) as covariates in the model. This was done by replacing the parameters @ and y in Eq. 1
with @ = qyN* W* and y = y,N"1 W?2, respectively, where a,, a;, a5, ¥, 7;, and y; denote
parameters. The model was fitted simultaneously to data for all combinations of wind
speed and mite densities in order to estimate the parameters.

Take-off probability is the likelihood that an individual on an infested plant is blown off
during an experiment. To estimate take-off probabilities (p) we used recovery probabilities
(p"), defined as the number of mites found in the wind tunnel (R) at the end of an experi-
ment divided by the initial number of mites on the donor plant (N), i.e., p’=R/N. Recovery
probability is a proxy for take-off probability because not all blown-off mites may have
been recovered, especially at high wind speeds, implying that p’<p. Recovery probability
was modeled by means of logistic regression as

’r_ e’
1+e’

p 2
where y may depend on the initial density of mites (N) and wind speed (W). The relation-
ship is modeled as

y=P0p+ BN+ W+ BNW, 3)

where the fs denote the model’s parameters. The parameters of Eq. 3 were estimated by
fitting the model to the observed values of R/N obtained for each experiment, using Proc
GENMOD (SAS Institute 2020). To reduce the risk of Type I errors due to overdispersion
in data, the DSCALE option was used. Distribution was set to BINOMIAL and Link to
LOGIT.

To investigate whether wind speed (W) and/or mite density (N) affected the mean dis-
placement distances (D) of recovered mites, we used the model

D = aN*W°©, )

where a, b, and c represent the model’s parameters. The empirical values of D were com-
puted as

19 i
2 nx<x +3 )Ax
Zl‘) n

x=0""x

where Ax is the length of an interval (10 cm) and n, the number of mites recovered from
the interval between x and x+ Ax. Equation 4 was log transformed before the model was
fitted to data by means of Proc GLM (SAS Institute 2020).

D obs = ’ (5)

Collective silk ball formation and their contents

The studies of Clotuche et al. (2011, 2013) on two-spotted spider mites, Tetranychus urti-
cae Koch, were used as a model for our experiments. A total of 40 potted peanut plants
were used, each plant constituting a replicate. Before an experiment, the plants were
pruned, leaving only two compound leaves per plant (eight leaflets), and plant height was
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standardized to 20 cm. A black-painted bamboo stick (30 cm high, 2 cm wide) was tied
with plastic tape to the stem of each plant. The stick was pressed into the soil, leaving
22 cm above the soil level (Fig. 3a). A piece of graph paper (55 mm) was glued to the
top of the stick (Fig. 3b). The paper served to calibrate the software (Imagel) used for
measuring the size of the silk ball attached to the upper part of the stick.

Fifty adult female mites were transferred from the culture to each experimental plant
with the aid of a fine brush. Then, the plants were kept in a climate room at 25+2 °C,
65+10% RH and L14:D10 h photoperiod. Over the next 12 days, mites were allowed to
climb up on the sticks and to weave web tangles. Over this period, the graph papers were
photographed twice a day (8 am and 8 pm) to record the formation and growth of the silk
balls, using a Nikon Coolpix P510 camera equipped with a close-up macro lens. The flow
of mites moving up to the top of the sticks was measured for 2 min twice daily (8 am and
8 pm).

Twelve days after the plants had been infested with mites, the collective silk balls were
carefully removed from the tip of the sticks and deposited on Petri dishes (159 cm) for
approximately 10 min. This allowed the mites on the surface of a silk ball to climb down
onto the dish and then walk around, which enabled us to count them. The examined ball
was then transferred to a new Petri dish, where it was dissected so that the number of dead
and trapped mites inside could be counted.

Modeling silk ball formation

After 50 adult female spider mites had been introduced onto a plant, they gradually
appeared on the sticks above the plants, where they started to form silk balls. The size
of a silk ball is assumed to increase with the number of mites present on the stick and
the time the mites had spent there. Therefore, modeling silk ball formation should take
the rate at which mites move away from an inoculated plant into consideration. The per
capita emigration rate is likely to increase as the plant deteriorates due to exploitation by
the introduced mites. A dynamic model linking plant condition and emigration rate to silk
ball formation is proposed in Supplementary Material.

Fig.3 a Peanut plant attached to a wood stick. b Beginning of the formation of collective silk balls and
details of graph paper glued 1 cm below the top of the stick
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The volume of a silk ball at the end of an experiment is likely to be correlated with the
number of mites occupying it. To test this assumption, we used the model given as

V=ay (6)

to quantify the relationship between the volume of a silk ball (V) and the number of mites
(v) occupying it. a and b are two positive parameters, which were estimated by fitting the
line

InV=Ina+blny (7)

to data, where y was either the number of mites inside or outside the balls, or the sum of
the two numbers. If b=1, the volume increases proportionally with the number of mites,
whereas b < 1 means that the volume gradually levels off with increasing mite numbers.

Results
Modeling the influence of wind speed on aerial dispersal

Figure 4 shows that, as the wind speed increased, a higher percentage of mites was blown-
off the plant to be recovered inside the wind tunnel, and the mites were found at longer
distances from the donor plant.

When Eq. 2 was used to model recovery probabilities, the full model explained 82.0%
of the null model’s deviance. All terms were significantly different from 0, indicating that
both wind speed (W), mite numbers (N), and their interaction (NW) contributed signifi-
cantly to explain the proportion of mites found inside the wind tunnel. The full model was
parameterized as (with standard errors in parentheses):

y = —8.4165(0.4887) + 0.0048 (0.0005)N + 0.3041 (0.0192)W—-0.0002 (< 0.0001)NW.

Although the initial number of mites on a plant seemingly affected the probability of a
take-off, the most important factor was by far wind speed. Thus, wind speed alone could
account for 71.4% of the null model’s deviance, which was highly significant (Wald’s )(12 =
476.73, P<0.0001). Figure 5 shows the fit of the reduced model to the combined data set.

Figure 6 shows the fit of Eq. 1 to the proportion of mites recovered at different dis-
tances from the donor plants for each combination of initial mite abundance (N) and wind
speed (W). As a decreased with wind speed, whereas the opposite applied to y (Table 1),
the two parameters were replaced with o = q¢yN*W* and y = y,N"'W"2 and the gen-
eral model was fitted to all data. The full model explained 88.8% of the total variation
in recovery rates (Fg»3;,=308.6, P <0.0001) (Fig. 7). As wind speed was by far the most
important factor, mite density was omitted from the model which then explained 87.3%
(Fy236=403.9, P<0.0001). The parameters of the reduced model were estimated as
ay=0.5666 (SE=0.0982), a;=-2.2154 (SE=0.0753), y,=1.1475 (SE=0.1213) and
71=1.1619 (SE=0.0457).

When the mean displacement distances (D) were modeled by Eq. 4, the model’s
parameters were estimated as In a=-1.0279 (SE=0.4736), b=0.2794 (SE=0.0679)
and ¢=1.1245 (SE=0.0413). The model explained 76.8% of the total variation in the
observed values of D (F,,,=371.4, P<0.0001). Though the results indicate that dis-
placement distances tended to increase with the density of mites on the donor plant, it
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Fig.4 Mean distance and percentage of displaced Tetranychus ogmophallos mites from experiments with
infestations of 500 (a) and 1000 mites (b) exposed to wind speeds of 5, 10, 15, 20, 25, and 30 km h!

was wind speed that was the most important factor responsible for how far a mite was
blown away. Thus, omitting mite density (V) from the model yielded In a=0.8606
(SE=0.1199) and c=1.1066 (SE=0.0425) (Fig. 8). The reduced model explained 75.1%
of the total variation (F| 5,5=677.9, P<0.0001). As ¢ was not significantly different from
1 (t,55=0.251, P=0.80), it seems justified to assume that displacement distances increase
proportionally with wind speed. Thus, if ¢ is set to unity, the resulting model was found as
D=aW=3.174 W, implying that the mean displacement distance is expected to increase
with 3.174 cm each time wind speed increases with 1 km h™".

Modeling silk ball formation

The total number of mites found in the 40 silk balls 12 days after the mites had been intro-
duced onto the plants was 1505 of which 1045 (69.4%) were found inside and 460 (30.6%)
outside the balls. Adults constituted 21.8% of the mites found inside and 67.3% of the mites
outside the balls, equivalent to 35.7% of all mites occupying the silk balls.
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Fig.5 The proportion of adult female Tetranychus ogmophallos introduced on a plant and recovered in the
wind tunnel at the end of an experiment (points). Data for experiments with 500 and 1000 mites per plant
were combined. The red line shows the predicted relationship between wind-speed and take-off rate, based
on Eq. 3, with 95% confidence limits for the predicted relationship shown as black lines. (Color figure
online)

Figure 9 shows the volume (V) of each of the 40 silk balls plotted against the total num-
ber of mites found inside and outside a ball (y). The relationship between In V and In y
was adequately described by Eq. 7 (Rfl g™ 0.768; F| 33=130.3, P<0.0001), yielding (with
standard errors in parentheses)

InV = —0.8937(0.2625) + 0.8397(0.0736)Iny
corresponding to
V = 0.4091y8397,

As b was significantly less than unity (1;3=2.178, P=0.036), it indicates that the
volume of silk balls increased sub-proportionately with mite abundance (both dead and
alive). 69% of the mites were found inside the silk balls, of which 22% were adults. In
contrast, 67% of the mites outside the balls were adults.

Figure 10a shows the growth of silk balls from day O (when the mites were intro-
duced) and until day 12 when the balls were removed, and the mites counted. Fig-
ure 10b shows the number of mites on the sticks observed during 2 min of observation
periods. The predicted values in Fig. 10 are based on the dynamic model described in
Supplementary Material. The model uses plant damage (D) as an auxiliary state vari-
able. D was not measured experimentally, but Fig. 10c shows the predicted values of
this hidden state variable. The number of mites on a plant (x) was only known at the
time of introduction, whereas the number of mites occupying the silk ball (y) was only
assessed on day 12 (Fig. 10d). The eight parameters of the model were estimated by
simultaneously fitting the model to 37 data points, using the sum of squared deviations
to minimize the difference between the observed and predicted values. The model was
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Fig. 6 Distribution of adult female 7. ogmophallos recovered in the wind tunnel at different distances from p
the donor plant shown for each combination of number of introduced mites and wind speed (points). The
red lines show the fit of Ricker’s (1954) model (Eq. 1) to data (red line: predicted distribution; blue lines:
95% confidence limits for the predicted relationship. (Color figure online)

capable of explaining 93.7% of the total variation in data. The model indicates that the
major part of the second generation of adult mites (i.e., the recruitment rate exceeded
the loss rate) occurred 9.9 days after the first generation had been introduced and that
the majority of newly emerged adults quickly left the plant to enter the silk ball.

Discussion

Spider mites live in large groups comprising several thousand individuals. When experi-
encing poor conditions, such as food scarcity, competition or presence of predators, they
strive to occupy new areas (Dittmann and Schausberger 2017). For these wingless arthro-
pods, aerial dispersal is a key factor for their persistence in a given environment (Hoelscher
1967; Osakabe et al. 2008). In this context, this is the first study on the dispersal response
of T. ogmophallos and its ability to form collective silk balls, which may contribute to
make the species an important emerging pest in peanut crops (Melville et al. 2019).

In this study, we could demonstrate the influence of wind speed and population den-
sity on the dispersal behavior of T. ogmophallos. Especially wind speed was important for
the proportion of mites taking off from an infested plant and how far they were displaced.
Thus, it was found that ca. 30-60% of the introduced mites were recovered in the wind
tunnel after exposing the plant to a wind speed of 30 km h™! (Fig. 5) and at an average
distance of about 100 cm from the plant. However, as indicated from the cut-off of the
right tails of the displacement distributions (Figs. 6 and 7), an increasing proportion of the
displaced mites seems to have been blown more than 200 cm away from the infested plant
and were therefore not recovered in the wind tunnel, as the wind speed increased. Con-
sequently, the experiments may have underestimated take-off rates and displacement dis-
tances, especially at high wind speeds, implying that wind may be an even more important
factor for mite dispersal than actually revealed from the current experiments. The circum-
stance that Ricker’s dispersal model (Ricker 1954) fitted recovery data quite well indicates
that the model may serve as a tool for estimating the proportion of mites that will be blown
to any distance from the donor plant. Especially the generalized version of Ricker’s model
may prove useful as it allows for the incorporation of both wind speed and mite density to
predict their combined influence on displacement distances outside the range for which
empirical data are available. For instance, at a wind speed of 23 km h™! and a density of
1200 mites/plant, the model predicts that 12.9 and 5.6% of the displaced mites will land
more than 2 and 3 m from the donor plant, respectively. At a wind speed of 35 km h™!, the
corresponding values are 29.7 and 12.5%.

Our results indicate that such behavior can be voluntary (i.e., non-enforced) up to cer-
tain wind speeds. A similar outcome had previously been reported for other spider mite
species, such as T. urticae and Oligonychus pratensis (Banks) (Smitley and Kennedy 1985;
Margolies 1987). Moreover, we assume that 7. ogmophallos exhibits a similar aerial dis-
persal behavior as that of 7. urticae, which was studied by Boykin and Campbell (1984) in
peanut crops located in North Carolina (USA). These authors verified by laboratory experi-
ments that 7. urticae disperses by passive transport when wind speed is in the range of 8
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Table 1 Shape parameters (with standard errors in parentheses) obtained by the non-linear regression anal-
ysis of the aerial dispersion of the mite Tetranychus ogmophallos for the Ricker (1954) model

No. mites/plant Wilnd speed (km Parameters R?
h™) . y

500 5 0.01940 (0.00028) 7.26 (0.63) 0.901
10 0.00612 (0.00042) 12.25 (0.490) 0.978
15 0.00467 (0.00068) 12.77 (1.09) 0.907
20 0.00064 (0.00011) 38.67 (3.87) 0.886
25 0.00031 (0.00006) 59.98 (7.18) 0.882
30 0..00023 (0.00003) 79.25 (6.82) 0.956

1000 5 0.00843 (0.00095) 10.31 (0.68) 0.940
10 0.00398 (0.00025) 15.38 (0.57) 0.982
15 0.00173 (0.00019) 24.27 (1.52) 0.949
20 0.00030 (0.00005) 64.69 (6.77) 0.917
25 0.0.00049 (0.00008) 48.94 (4.72) 0.905
30 0.00023 (0.00003) 78.17 (61.83) 0.943

R? Proportion of variation in data explained by Ricker’s model

to 24 km h™!. They also highlighted that the majority of mites would disperse at a wind
speed of 24 km h™!, mainly when they occur at high infestation levels. Besides, in the pres-
ence of wind, light, and scarce food, T. urticae displays an aerial take-off behavior involv-
ing the lifting of the first legs upright and raising the forebody (Li and Margolies 1993;
Osakabe et al. 2008). Following these findings, Smitley and Kennedy (1985) observed that
T. urticae only exhibit aerial dispersal behavior when exposed to wind. Moreover, Bell
et al. (2005) found that wind-borne dispersal by T. urticae involves ballooning by means of
silk threads. Such ballooning behavior has been observed in many spider mites, including
citrus red mite Panonychus citri (McGregor), avocado brown mite Oligonychus punicae
(Hirst), tea red spider mite Oligonychus coffeae (Nietner) and six-spotted mite Eotetra-
nychus sexmaculatus (Riley) (Osakabe et al. 2008). Another interesting fact of relevance
for understanding aerial dispersal is that 7. urticae adult females, which developed under
crowded conditions, have their weight reduced to nearly half the weight of females devel-
oped under uncrowded conditions, and disperse without feeding (Mitchell 1973). Hence,
qua their lower weight starved individuals are likely to be blown further away than well-fed
conspecifics.

In general, we consider that the dispersal capacity of 7. ogmophallos through wind cur-
rents contributes significantly to why mite outbreaks may occur almost simultaneously
over extensive areas. Thus, in years of climatic conditions favorable for the development
of spider mite populations (dry and hot), T. ogmophallos can quickly spread over wide
croplands, which may require an immediate intervention strategy. Azandame-Hounmalon
et al. (2014) reported that 7. evansi exhibits a more gregarious behavior than 7. urticae in
tomato plants, dispersing mainly at high population levels compared with the latter spe-
cies. According to these authors, the dispersal behavior of T. evansi facilitates discovering
infested tomato plants, thereby allowing early control measures and, consequently, reduc-
ing the risk of outbreaks. Therefore, rapid localization of mite outbreaks also seems to be a
key factor for successful management of 7. ogmophallos in peanut crops.
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Fig.7 The generalized version of Ricker’s (1954) model (Eq. 1) with a =0.5666W~2215* and
y = 1.1475W1619 fitted to all 240 data points. 95% confidence limits for the predicted line are shown as
blue lines. (Color figure online)

Studies on collective silk balls are fundamental for understanding how these structures
are build and their importance for 7. ogmophallos dispersal. The formation of collective
silk balls is closely linked to the cumulated flow of mites reaching the top of plants. How-
ever, their formation is conditioned to a minimum number of individuals (Clotuche et al.
2011).

To understand the complex dynamics underlying between mite abundance and ball for-
mation, we developed a dynamic model based on how mites respond to plant exploitation.
The model is conceptual in the sense that we lack sufficient experimental data that can
substantiate the underlying assumptions, first of all, how leaf damage developed during a
mite infestation. Instead, we used leaf damage as an auxiliary variable that is assumed to
increase with the number of mites present on the plant and the time they stay there. We fur-
ther assumed that declining leaf quality affects mite activity, causing mites to escape from
the plant by moving to the stick above the plant where they contribute to ball formation.
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Fig.8 Average distances at which adult females of Tetranychus ogmophallos were recovered in the wind
tunnel after having been exposed to different wind speeds (points). Data from all experiments were com-
bined. The lines are based on fitting the model (Eq. 4) D=aW=3.174 W to data [red line: predicted rela-
tionship between wind speed (W) and mean displacement distance (D); blue lines: 95% confidence limits
for the predicted relationship; black lines: 95% confidence limits for individual observations]. (Color figure
online)
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Fig.9 Volumes of silk balls plotted against the total number of Tetranychus ogmophallos mites occupy-
ing them 12 days after 50 adult female mites had been introduced onto each of the 20 plants. The lines
are based on fitting the model (Eq. 6) V = ay” = 0.4091 y*$3%7 to data [red line: the predicted relationship
between a number of mites (y) and ball volume (V); blue lines: 95% confidence limits for the predicted rela-
tionship; black lines: 95% confidence limits for individual observations]. (Color figure online)

As an experiment lasted 12 days, the model also had to take into account that some of the
introduced adult female mites may die during an experiment but also that they lay eggs,
which eventually develop into adults. The model was fitted to the available data on mite
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activity (expressed as the number of mites counted on the sticks), the size of silk balls, and
the number of mites found on the silk balls at the end of an experiment. It has to be empha-
sized that the circumstance that the model described the existing data very well does not in
itself prove that its underlying assumptions are true or that its estimated parameter values
are realistic. On the other hand, we have not been able to falsify the model when it was
confronted with the available data. Proper validation of the model would require that its
predictions regarding, e.g., leaf injury and the final number of mites found on the infested
plant, are in agreement with actual observations. Consequently, future experiments should
include measurements of these missing variables.

We found that T ogmophallos silk balls were occupied mainly by immature mites. Like-
wise, Clotuche et al. (2011, 2013) found that immatures were more abundant than adults in
T. urticae silk balls. According to these authors, a higher number of immature individuals
will increase the chance of mating with non-genetically related conspecifics, thereby reduc-
ing the risk of inbreeding. This also increases the probability of selecting the best adapted
individuals. Moreover, Clotuche et al. (2013) inferred that group dispersal by means of
silk-balls is a key factor for the success of T. urticae to escape adverse conditions because it
reduces the energy costs otherwise involved in individual dispersal.

During silk-ball formation, 7. ogmophallos presented a recruitment behavior similar
to that reported by Pralavorio et al. (1989) and Azanddme-Hounmalon et al. (2014) for
other spider mites. Tetranychus ogmophallos mites climbed up and down the sticks franti-
cally, leaving threads that connected the plant to the top of sticks, as if they were recruiting
other mites to climb up to the top of sticks (Fig. 3b). This might be related to the circadian
rhythm of T. urticae (Pralavorio et al. 1989; Azanddame-Hounmalon et al. 2014). Previous
studies have shown that tetranychid mites use to leave silk threads along their way, allow-
ing other individuals to follow them along the same trail (Yano 2008). As mites climbed up
and down, a substantial increase in web production was observed at the top of sticks and
around sticks and plants, besides the attempt of building web bridges between pots.

We noticed a significant part of the colony remained on plants without climbing up to
the silk-balls, even after the plants has deteriorated. Li and Margolies (1993) noticed that
mites from the same population of 7. urticae may react differently to dispersal or feeding
stimuli. Likewise, Le Goff et al. (2011) found that individuals respond differently depend-
ing on the level of competition or their physiological status. Li and Margolies (1993) also
observed that the contribution of adult females to dispersal fell considerably with age.
Although dispersal by collective silk balls is risky, as the landing site is uncertain, this
mechanism may nevertheless prove to be advantageous. It seems to be an effective means
for colonizing new suitable plants located in some distance from an over-exploited plant.
For example, in addition to oviposition on plants, individuals of T. ogmophallos also lay
large amounts of eggs on webs and in the clusters.

In short, knowledge of how T. ogmophallos disperse under field conditions is a key fac-
tor for preventing population outbreaks in peanut production. Thus, our results contribute
to a better understanding of the main dispersal mechanisms of 7. ogmophallos and may
serve as guidance for adopting more effective control measures, thereby reducing use of
acaricides to the benefit of the environment.
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