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Abstract

Tetranychus urticae is a phytophagous mite that forms colonies of several thousand individuals. These mites construct a
common web to protect the colony. When plants become overcrowded and food resources become scarce, individuals
gather at the plant apex to form a ball composed of mites and their silk threads. This ball is a structure facilitating group
dispersal by wind or animal transport. Until now, no quantitative study had been done on this collective form of migration.
This is the first attempt to understand the mechanisms that underlie the emergence and growth of the ball. We studied this
collective behaviour under laboratory conditions on standardized infested plants. Our results show that the collective
displacement and the formation of balls result from a recruitment process: by depositing silk threads on their way up to the
plant apex, mites favour and amplify the recruitment toward the balls. A critical threshold (quorum response) in the
cumulative flow of mites must be reached to observe the emergence of a ball. At the beginning of the balls formation, mites
form an aggregate. After 24 hours, the aggregated mites are trapped inside the silk balls by the complex network of silk
threads and finally die, except for recently arrived individuals. The balls are mainly composed of immature stages. Our study
reconstructs the key events that lead to the formation of silk balls. They suggest that the interplay between mites’ density,
plant morphology and plant density lead to different modes of dispersions (individual or collective) and under what
conditions populations might adopt a collective strategy rather than one that is individually oriented. Moreover, our results
lead to discuss two aspects of the cooperation and altruism: the importance of Allee effects during colonization of new
plants and the importance of the size of a founding group.
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constraints). In some cases, they can benefit from collective
dispersal because it implies that the new founding populations are
large enough to benefit from potential Allee effects [1-3].

The consequences of dispersal on mites’ demography and
spatial distribution have been investigated in several studies on
tetranychids. However, the behavioural mechanisms involved in
collective dispersal in overcrowded conditions remain poorly
understood. Tetranychus urticae (also called the two-spotted spider

Introduction

In many species, individuals live in groups and form aggregates.
It is recognised that individuals of those species may benefit from
the presence of conspecifics, a concept broadly called the Allee
effect [1-3]. Indeed, group living brings advantages both for the
individual and the group as it provides easier access to food and
mates as well as protection against predators [4-5]. It also presents

disadvantages due to competition [4]. Aggregation at a chosen
place for a long period is a prerequisite of social organization,
because close interaction between individuals is only possible if
they have frequent contacts [6].

Spatial distribution and spatio-temporal organization are
important issues that determine the distribution of the species
and the organization of groups. Patterns of movement are
considered a key factor in the survival of most organisms [7-8].
Collective movements are ubiquitous in gregarious invertebrates
and vertebrate species, including humans [9]. For animals foraging
in groups, making decisions such as leaving the group to forage
and/or to recruit other foragers to a food source often depends on
social Interactions among group members. Animals must move to
find a new place to live (i.e. food shortage, finding a mate, climatic
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mite) has a very rapid population growth, short developmental
time, a high birth rate and long adult survival [10-11]. This,
together with the use of agricultural plants as a food source (more
than 900 plants including field crops, horticultural crops, green
house vegetables and ornamental plants [12]), has made this
species a major pest. Consequently, research has focused mainly
on the management and control of this species, whereas its
behaviour, especially its social behaviour, has often been
disregarded. Nevertheless, 7. urticae is an ideal biological model
for the study of individual non-eusocial behaviour and aggregate
formation in overcrowded conditions. Indeed, this ubiquitous
phytophagous mite, which lives in huge groups, quickly exhausts
the host plant and must recurrently disperse to new host resources.
The question is: What do individuals do when a group suffers from

April 2011 | Volume 6 | Issue 4 | e18854



food shortage? T. wrticae has different strategies to disperse: 1.
Dispersal by active movement —1.e by walking [13-15] 2. Phoresy —1.¢
passive transport by another organism [16-18], 3. Aerial
displacement by air currents [19-21]. One important biological
feature of 7. wrticae is its abundant silk production due to a
continuous silk deposit while walking as reported by [22]. Silk
threads are used as a physical support for locomotion [22-25] and
can be used for aerial dispersal [20]. This individual passive
displacement called ballooning is a mechanical kiting that many
small species of spiders (Araneae), spider mites (Acari), and some
moth larvae (Lepidoptera) use to disperse through the air
[12,20,26-28]. Some of these ballooning spider mites (e.g.
Metatetranychus citrr, Tetranychus pacificus) were found to travel a
few hundred meters [29-31] and might fly up to 3 km away [32],
4. In 7. wticae, a collective displacement seems to occur in
conditions of overcrowding and food depletion on a host plant:
The formation of silk balls that can be carried away by the wind or
by a passing animal (anemochory or zoochory [33]). Different
forms of silk balls have been described in 7. urticae: balls can be an
aggregate of mites embedded in silk on the plant [34] or they can
hang at the end of a silk thread [35]. As the population peaks, the
mites congregate on leaf tips, spin silk threads, and form small
masses from which mites can be observed to be carried aloft in
light breezes [36]. The aerial dispersal of these aggregates may be
an important element in the spatial dynamics of 7. urticae
populations [36]: it might explain the sudden outbreak of large
spider mite populations in crops that, apparently, were previously
uninfected. Until now, the processes involved in the formation of
mites’ aggregate and silk balls are still unknown.

Despite the role of silk threads, aggregate formation and dispersal
for a colony of mites have been poorly studied. Studies dealing with
silk on spiders and caterpillars have shown that silk threads are a
means for communication among individuals [37-39] and are used
for collective dispersal. In spider mites, silk threads might trigger
individuals’ displacements; they could play a role in the control of
recruitment process and collective movement [25,40]. The silk-
producing (spinning) habit and other peculiarities of the Tetra-
nychidae, i.e. male-haploid genetic system, gregariousness and life
history, may be related to the evolution of their sociality [41].

We present here, for the first time, a study of the emergence and
growth of collective silk balls. Silk threads could be the key element
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for communication among individuals, recruitment process and
the ball formation. Our study aimed: (1) to understand the
mechanisms that lead to the formation of the silk balls, (ii) to study
the dynamics of balls’ formation, and finally (iii) to characterize the
balls’ content. Understanding how these collective balls emerge
and change is an important question as dispersal is a transient
crucial phase in a colony life.

Materials and Methods

Mite strain

The strain (LS-VL) of 7. wrticae was collected in October 2000
from roses in Ghent, Belgium [42]. In the laboratory, two-spotted
mites were reared on bean plants (Phaseolus vulgaris L.), a preferred
host plant [43]. Stock breeding was maintained in a climate room
under 26°C, with a relative humidity of 50-70% and a
photoperiod of L16:D8.

Plants infestations

Bean plants used in this experiment were reared under
standardized conditions in a growth chamber (20.6°C, 24%
R.H.). Plants with a height between 10.5 and 11 cm, with two
young leaves were used. During the whole experiment, only the
two first leaves (cotyledons) were kept on the plant, while all the
other shoots were cut daily.

A black wooden stick (25 cm high, 3 mm in diameter) was
attached to the stem of plants (Fig. 1). The stick was buried in the
soil, 20 cm high and attached to the stem with a piece of plastic
wire. A square piece of graph paper (22 mm) was fixed on the stick
to scale the surface of the ball. The presence of this paper did not
prevent mites from climbing up on the wooden stick. Mites were
collected using a brush with one hair. Thirty adult females
randomly chosen in the rearing stock were introduced on the test
plant (15 on each leaf) (infestation time, Ty) (Fig. 1a). Then, bean
plants were placed individually in a cage (50x50x40 cm) under
standardized conditions (26°C, 33% RH). The population of mites
was allowed to grow on the bean plant. Once the first mites arrived
on the stick, the number of mites climbing to the top of the stick
(flow of ascending mites, T, N =18, Fig. 1b) was counted over a
period of 10 minutes, twice per day (at 8h15 and 14h) until the
removal of the ball at about day 18 (harvesting time, Ty, N =15).
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Figure 1. Experimental set-up. a). Plant infestation (15 mites on each leaf) T,. b) Ascending flows of mites on the stick Tg c). Emergence of the ball

Te and d). Harvesting of the ball Ty.
doi:10.1371/journal.pone.0018854.g001
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Growth dynamics

The apex of the wooden stick was observed every hour to detect
the ball’s formation (emergence time, Ty) (Fig. 1c). We considered
that a ball was formed when there were at least ten mites
permanently aggregated on top of the wooden stick. From there
onwards, photos were taken at regular time intervals (every hour
from 8 to 17 h). The camera used was a Canon EOS 450D
equipped with a canon macro lens (EF, 100 mm, 1:2.8, USM).
The scale of the graph paper allowed us to compare volumes (if
considering balls as spheres) for the same ball. With the software
Image J ®, the perimeter and the surface of the balls was calculated
over time. The day of ball formation (Tg) was noted and the ball
was “harvested” the day after its formation at 14 h (Ty) (Fig. 1d).
To collect the ball, the wooden stick was carefully removed from
the plant and thereafter the ball was collected from the stick end
with tweezers.

Content of balls by layer

Once removed from the wooden stick, the ball was placed on a
glass lens (32 mm in diameter) for about 30 minutes. Mites
situated on the surface of the ball left the ball and walked on the
lens. Once every mobile mite of the ball was on the lens, the
“core” of the ball (trapped or dead mites) was transferred onto a
new glass lens. The number of mites was then counted for the two
glass lenses. In this way, mites found on the first glass lens were
those from the outer layer of the ball and mites counted on the
second one were from the inside layer. The number of mites, the
stage (immature or mature) and the state (dead or alive) were
noted.

Data analysis

Data obtained during our observations were not always
normally distributed. Therefore, both parametric and non-
parametric tests were used in our analysis. A linear regression
was used to determine the relationship between two variables (Y
and X), and the non-linear least squares method was used when
the relationship was not linear. Curve fitting adjustments and the
logistic regression were performed with Matlab. A paired t-test was
used to determine difference between survival rates of mites inside
balls. The Kruskal-Wallis (KW) one-way analysis of variance by
ranks was used to test the equality of medians among groups. The
Kolmogorov-Smirnov test (KS) was used to determine if two
datasets were significantly different. The Mann-Whitney Test was
used to determine whether the means of immature and mature (in
balls and between layers) were equal.

Tests were performed using GraphPad Prism version 5.01
forWindows, GraphPad Software, San Diego, California, USA
(http://www.graphpad.com).

Results

Ascending Flow

Although the ascending flow (number of mites climbing
upwards during 10 minutes) was measured twice per day, we
assume that it is representative of the general dynamics of
ascension. The flow was measured 1.5 centimetres below the top
of the stick, and every mite observed to climb up the stick reached
the top. Therefore, we used the cumulated flow (x) as an estimate
of the number of mites that have reached the top since the
beginning of the experiment. Evidently, the actual number of
mites that had reached the top was much larger, but we assumed
that it was proportional to the measured cumulated flow. The
actual flow was the speed at which the cumulated flow increases
(dx/dt). For each experiment, the flow at a given time (dx/dt) was
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proportional to the cumulated flow (x), i.e. the number of mites
having reached the top since the beginning of the experiment
(linear regressions with equation (1) showed an R? of 0.75 (0.57;
0.91) (median and first and third quartiles).

%=o¢x+ﬁ (1)

Parameters o and f§ were respectively the recruitment factor
(time"), and the spontaneous flow of mites before the recruitment
had started (nb of mites * time'"). The fact that the flow of passing
mites increased linearly (ax) with the number of mites that had
already passed strongly suggested the existence of positive
feedback. This positive feedback typically resulted from a
recruitment process. Each passing mite increased the probability
of climbing up for the subsequent mites, which led to an
amplification of the flow. Therefore, the number of mites that
had reached the top (the cumulated flow) should have increased
with time in a non-linear way. The relationship between the
cumulated flow and time (equation 2) was obtained by integrating
equation 1. We fitted this equation to the data of each experiment
and found a tight correspondence (non-linear least-squares
method, R? always superior to 0.97), which confirmed the
existence of a recruitment process.

w=Liey @

The values of o and f varied from experiment to experiment,
reflecting simply that in some experiments, the balls emerged
faster than in others. They ranged between 0.0018 and 0.0452 for
o, and between 0.1927 and 5.0558 for 5. The flow was measured
until the silk balls were removed (one day after their emergence at
14 h); therefore the time of observation varied from experiment to
experiment. The global dynamics were obtained by normalising
the time according to the maximal time, and the cumulated flow
according to the maximal cumulated flow. The global dynamics
followed the same pattern as each experiment separately (Eq. 2,
non-linear least squares method, R?=0.90, Fig. 2). This meant
that the slower the increase of the cumulated flow, the longer the
experiment took. This suggested a possible link between the time
of formation of the ball and the cumulated flow at that time.

The emergence of silk balls

For the first few days, the mites that were recorded to climb up
the wooden stick (ascending flow) would reach the top and
immediately begin to climb down. When the silk balls emerged,
however, some of the mites started to get trapped at the top of the
stick, favouring the growth of the silk ball. The relationship
between the moment of emergence of the silk balls and the
cumulated flow appeared when looking at the proportion of the
experiments in which the ball has emerged, as a function of the
cumulated flow (Fig. 3). The cumulated flow was proportional to
the number of mites that had passed to the top of the stick since
the beginning of the experiment. Since mites always spin silk while
walking, the cumulated flow was also an indicator of the quantity
of silk that had accumulated on the top of the wooden stick. The
curve was clearly sigmoidal, meaning that the balls emerged on
top of the wooden stick when a threshold number of mites had
passed (and not necessarily stayed) at the top of the wooden stick.
This suggested that there needed to be a critical quantity of silk on
the top for the first mites to stay and start forming the ball. In
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Figure 2. Increase of the cumulated flow according to time. The data of each experiment was normalised according to maximum time and
maximum cumulated flow. The fitted curve (Equation 2) has parameters o =2.231(1.959; 2.502) and f=0.266 (0.223; 0.308).

doi:10.1371/journal.pone.0018854.g002

order to quantify the phenomenon, we performed a logistic
regression (equation 3) with the cumulated flow as the independent
variable and the presence or absence of a ball as the binary
dependent variable. The logistic curve (equation 3, Fig. 3)
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Figure 3. Proportion of experiments in which the balls
emerged ()) after a cumulative flow of x mites. The curve
presents a threshold (o =259.4 mites). A logistic function (solid line) was
fitted to our experimental data (dots) with a logistic regression.
doi:10.1371/journal.pone.0018854.g003
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expressed the proportion of experiments in which a silk ball was
present (y), according to the cumulated flow ().

1
y= 1+e oA 3)

The coefficients f§, and ff; were estimated with the logit regression
(Bo + s.e.=-4.4553+0.5062; fB; + s.e.=0.017+0.0019). The
threshold (o) of this function was calculated as the cumulated
flow for which half of the experiments had a ball, that is ¢ =- f,/
p1=259.4. We calculated the probability of emergence of a ball as
a function of the cumulated flow (equation 4, where z is the
survival curve, z = 1-y). This probability increased with time and
approached an asymptotical value of f#; =0.017. Therefore, a
prediction resulting from this model was that the ball eventually
emerged on the apex of a plant, provided that mites continue to
climb upwards.

7 B
P(emergence) = - = W “)

Growth dynamics

As the cumulated flow (number of mites reaching the top)
increased non-linearly, we expected the ball also to grow non-
linearly. The final volume of balls (T'y, 14 h) was significantly
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linearly correlated to the number of mites (after dissection). The
equation was Ty =0.0067x with R?=0.76 (N=15) (Fig. 4). This
correlation allowed us to use estimations of the volume of the balls
as an indicator of the number of individuals in the ball. When
looking at the growth of the ball through time, two phases of
growth were observed. The two growth phases (corresponding to
the two consecutive days of observation) were separated by a
disintegration phase during the night. Both phases presented linear
growth (phase 1: y=0.321x+1.269, R*=0.924 and phase 2:
y=0.546x+2.201, R?=10.79, Fig. 5). However, the slope of phase
2 was steeper than that of phase 1 (F-tests comparing slopes:
F)15=4.72, p=0.049), meaning that in phase 2, the ball increased
faster. Two possible explanations (non-exclusive) can be raised.
Either there were more mites climbing up during phase 2, or there
were fewer mites climbing down. We only had quantitative
observations concerning the ascending flow, so we can only test
the first of the two explanations. The slope of each experiment (for
each phase) was highly correlated to the flow at that moment
(Spearman correlation coefficient r =0.55, p = 0.0005). Therefore,
we can conclude that the balls grew faster in the second phase, due
to a higher ascending flow.

Content of balls by layer

To characterise the content of the balls, in terms of the number
of mites, the stage (mature or immature), the state (dead or alive),
and the layers (outer and inner parts), was essential to better
understand how individuals formed the ball over time. Because the
inner layer was formed by individuals before the outer one, the
stage or state of individuals could be linked to the layers (existence
of individuals initiating the ball formation). The risk of dying
during the formation of the ball should also vary according to the
layers or the ball volume.

A total of 15 balls were dissected. The number of mites
contained in each ball showed a normal distribution (from 141 to
2162 ind, mean: 793.5 ind * 503.1, Kolmogorov-Smirnov test,
p>0.10, KS=0.151, N=15). The outer part of each ball (outer
ball, 56.9% *=49.5 of the entire ball) was composed of mites that
have not been trapped in silk threads, whereas the inner part
(inner ball, 43.1%=*16.7 of the entire ball) was formed by mites
trapped by silk.

15+

104

Ball volume (mm?)

I L] I L}
1000 1500 2000 2500

Number of mites

]
0 500

Figure 4. Correlation between final volume of balls (if
considering balls as spheres, volume on Ty-14 h) and number
of mites (after dissection). The volume was correlated to the
number mites (p<<0.005, N=15). The equation was Y =0.0067x with
R*=0.76 (N=15).

doi:10.1371/journal.pone.0018854.g004
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Most mites inside the entire ball were immature individuals
(mean: 98.9%*1.1, N=15). The number of immature mites was
higher than mature ones regardless of the layer (for the outer and
mner parts, Mann Whitney test, U=0.00, p<0.0001, N =15).
The medians of the number of immature and mature were not
statistically different between layers (for mature individuals, Mann-
Whitney test, U=108, p=0.867, N=15 and for immature
individuals, Mann-Whitney test, U=281.5, p=0.206, N = 15).

Entire balls were mainly composed of alive mites (67.8% *15.9,
67.8%+15.9, ¥*=161.4, df=14, p<0.0001, chi-square test
comparing percentages of alive and dead mites in balls, N =15).
The core of the balls was essentially composed of dead mites, as is
shown by the percentage of dead mites in each part of the ball (2%
of dead mites = 2.1 for the outer ball and 68% of dead mites =
20.8 for the inner ball) and was significantly different between the
two parts (t-test comparing the proportion of dead mites per layers,
t=12.01, df = 14, p<<0.0001, N = 15). The proportion of survivors
was not correlated with the size of the ball (R*=0.024, N =15)
and not correlated to the stage of individuals (t-test comparing the
survival rate between immature and mature stages, t=1.224,
df=26, p<0.05, N=14). Table 1 shows the average number of
individuals (calculated from N =15 balls) contained in each of the
two layers, according to their stage (mature or immature) and their
state (dead or alive).

Discussion

The high reproductive rate of spider mites allows the colony to
quickly multiply and over exploit their habitat. Therefore, they
have to face both food shortages and host plant desiccation
[44-45]. This forces them to migrate and colonise new plants
[35,46—47]. In our study, we observe mites during their migration
and we cast light on the mechanisms involved in the formation of
silk balls. This collective form of migration is mentioned in many
papers, but always as qualitative observations. This is the first
attempt to understand the mechanisms that underlie ball
formation. Our results provide enough insight to reconstruct the
key events that lead to the formation of silk balls.

The necessary condition for the whole process to be triggered
seems to be food shortage and a high density of mites. Once the
plant is exhausted, the mites start climbing toward the apex of the
plant. This ascension is self-amplified: we show that the mites’
tendency to climb up the wooden stick increased with the number
of mites having ascended in the past. This correlation is typical of a
recruitment process most probably due to the accumulation of silk
threads. Indeed, [25] showed that migrating females can simply
follow trails (silk threads) left by preceding individuals. The positive
phototaxism of 7. wrlicae [48] leads mites towards the apex of a
stick mimicking the plant stem. During migration to the apex,
mites would contribute to the growth of webbing through the
addition of silk threads on the wooden stick. Before the formation
of the ball, the mites that reached the apex immediately started
their descent back to the plant: they did not stay at the apex. The
amount of silk deposited on the stick was therefore doubled. The
increase of the silk quantity would stimulate the departure of new
mites, which would in turn deposit silk. This positive feedback is
likely to be underlying the recruitment process that appears in our
experiments. In social insects such as ants, recruitment processes
are well known: one forager discovers an important food source,
recruits nest-mates, which in turn recruit still more foragers [49].
This can be due to chemical signals (trail pheromones) that
stimulate the departure of recruits as shown in ants, termites and
some bees [49-50]. Silk threads are also used for recruitment as
shown in spiders and social caterpillars [51-53]. Recruitment
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Figure 5. Growth of balls volume for the two consecutive days (two phases). Both phases were roughly linear (phase 1: y =0.321x+1.269,
R?=0.924 and phase 2: y=0.546x+2.201, R>=0.79). The slope of phase 2 was steeper than that of phase 1 (F-tests comparing slopes: Fi113=4.72,
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doi:10.1371/journal.pone.0018854.g005

allows groups to exploit en masse random discoveries [50,54-57],
or to form clusters [58-59]. In 7. urticae, this recruitment promotes
the aggregation of mites into one unique ball, and seems to prevent
the random dispersal of individuals. Further laboratory studies on
silk ball formation need to be done using more than one single
stick. Indeed, in natural conditions, there would be many stems
upon which the mites could climb. It will be interesting to observe
whether the dynamics of ball formation as well as the number of
emerging balls will differ when the mites have to choose between
different wooden sticks.

The ascent and descent of the mites continues for a few days
until at some point, the mites that reach the apex start spending
more time there, which leads to an accumulation of mites and silk.
This is when the ball emerges. This emergence seems to take place
when a threshold number of mites have passed at the apex since
the beginning of the whole process, following a quorum-type [60]
response function. Spider-mites systematically spin silk when they
move [22]. Therefore, the amount of silk that accumulates at the
apex is directly proportional to the total number of mites that have
reached it. It is known that silk has a retentive effect on 7. wrticae
[25]. Our hypothesis is therefore that at some point, the quantity
of silk at the apex is sufficient to retain the mites that reach the top:
this 1s when the ball emerges. Our results predict that a silk ball
will eventually emerge, as long as mites keep climbing up the stem.
In their natural habitat, mites can stop climbing up a stem for
many different reasons (there are not enough mites, there are too
many stems, the mites leave the plant by another means...). This

Table 1. Number of individuals (mean * sd, N=15)
contained in a ball.

Individuals Outer ball Inner ball
Mature 6+9 4+4
Immature 418+242 366+187
Alive 417£247 109113
Dead 77 261*281
Total per layers 424+249 370+371
Total in the ball 794+502

The stage (mature or immature) and the state (dead or alive) were noticed per
layers (outer or inner part).
doi:10.1371/journal.pone.0018854.t001
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explains partly why silk ball formation is only observed under
certain conditions that include high densities. Quorum responses
are a ubiquitous feature of consensus decision-making and
previous work proved their importance in generating aggregation,
cohesion and decision accuracy [60-61].

Once formed, the silk ball seems to have its own life dynamics
characterized by alternating phases of daily growth and nocturnal
decrease: first, the ball grows due to the ascending movement and
aggregative behaviour of the mites; this increase rate being higher
in the second day because of silk threads accumulation on the
wooden stick. This is likely to be related to 7. wrticae circadian
rhythm during which mite populations move up in the early
afternoon and migrate to the bottom of plants during the night
[48]. This rhythm seems to be partly endogenous, since mites
continued to move up plant stems for several days after being
moved from fluctuating conditions [48]. Therefore, during the
formation of the ball, two processes reinforce or counteract each
other alternately: the amplification process resulting from the
addition of silk threads drives individuals to form balls and the
circadian response to light (alternation of negative and positive
phototropism) that reinforces the cohesion of balls during the day
and reduces it during the night. The behaviour of the mites during
migration might result from the balance between these two trends.

Once formed, the balls are not firmly attached to the apex of the
plant. In the field, the wind or a passing animal would be sufficient
for the dispersal of the ball. In passive airborne dispersal such as
individual ballooning or collective silk balls, the distance and the
direction of travel are largely determined by the air currents [20].
Aerial displacements may be tightly linked to fitness because of
direct mortality risks related to the potential (uncontrollable)
dispersal distance [62-63] and the spatial availability of other
host-plants. Individual ballooning or collective balls in tetranychid
mites is the result of an active behaviour that enhances the
probability of mites being carried aloft from plant surface [46,64]. It
could be possible that with the combined protection of aggregation
and silk threads, ball-dispersed eggs could hatch into an optimal
environment for the young larvae. The study of the balls “life-time”
seems essential to complete the understanding of this collective
behaviour. Experiments are ongoing in our laboratory to measure
the survival chances of a group of mites transported in a ball. A ball
seemingly dead (an aggregate of desiccated mites) could infect a new
plant through the survival of some eggs or individuals inside the
aggregate. It would be also interesting to study how far and under
which conditions (e.g. wind speed) such balls can disperse.
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The dissection of the balls showed that they were composed
mainly of young stages. Many immature mites also remained on
the bean leaf (personal observation). However, a quantification of
the demographic composition of mites on the leaf is missing to
assess whether mites are joining the ball at random or as a function
of their stage. The new founding populations on a new host would
therefore allow exponential growth. Indeed, starting with such a
non-stable age structure population enhances population growth
well over the prediction of the classical exponential model [11].

The dissection of the balls also showed that more dead mites are
found in the inner part of the balls. Indeed, the first mites initiating
the ball are trapped within a dense silk network and can die of
hunger and suffocation. Some of them are females that lay eggs in
the ball. Only recently arrived individuals are still alive. Therefore,
each ball is composed of one inner part composed of a higher
number of dead mites (and some eggs) than in the outer layer. This
feature could simply be a side effect due to laboratory conditions in
which there is no wind or passing animals, and the ball is allowed to
stay indefinitely on the wooden stick. It could also be a natural
phenomenon, raising interesting questions about its functionality.
Studies are ongoing in the laboratory to better understand how
individuals die and what benefits are provided to the survivors. The
production of a collective structure such as the ball could be
influenced by the degree of relatedness between individuals.
Ongoing genetic studies using fourteen microsatellite loci, aim at
estimating the degree of relatedness of individuals inside the ball.
Because dead individuals were found in the ball core, kin selection is
thought to interfere with the process. The genetic characterization
of both individuals being part of the ball and those remaining on the
plant leaf will help to understand the dispersion strategy of T. urticae.

Surely, the formation of balls represents an energy cost (mobility
and silk deposit) for mites, but it is likely that the benefits outweigh
the costs. Our hypothesis is that mites dispersing by silk balls could
benefit from Allee effects. Silk balls can be considered a form of
aggregation with protective and dispersal roles. Among the
possible benefits of founding populations in a group, a decreased
predation threat and increased foraging efficiency are the most
commonly accepted Allee effects [65-66]. Aggregation may also
affect the physiology of individuals by influencing the microcli-
mate. For instance, it contributes to water conservation by
reducing the surface area: increasing volume ratio of the group
and limiting water loss [67-68] as shown in the hissing-cockroach
mite Gromphadorholaelaps schaeferi [69], in the dust mite Dermatoph-
agoides  pteronyssinus  [70] and in some eusocial Hymenoptera
[71-72]. Clustering is a common reaction in acarines as they
undergo dehydration as a means to counter water stress [70]. [34]
claimed that mites were able to vacate silk cocoons formed on
plants from which water had been withheld.

Insect societies provide us with remarkable examples of
sophisticated collective activity including nest construction,
complex foraging strategies, and collective decision making
[49,57,73-76]. One of the most visually striking examples is the
physical structures composed of individuals that have linked
themselves to one another. These “self-assembled” structures
[77-78] are a product of the process of self-assembly (i.e. army ant
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bivouac). The silk balls that are the subject of this study are a
particular case of a wide array of self assembled structures found in
T. urticae. For example, under forced migrations from a heavily
damaged, isolated food substrate (bean leaves on soaked cotton),
[79] observed that the migratory activity of 7. urticae took the form
of aggregations of visibly excited mites. In such groups, the mites
produced web relatively intensively and formed a bridge between
bean leaves made from mites and silk threads. Other structures are
hanging “ropes” composed of silk and individuals entangled in it
([13], personal observation). All of these self assembled structures
seem to share silk as the key element both for ensuring the
cohesion between individuals and for promoting the arrival and
withholding of individuals due to their attraction and retention to
silk.

Under certain environmental and group conditions, in addition
to the fact that mites follow trails left by preceding individuals, 7.
urticae form a silk ball. The ball is a way of collective dispersal
emerging from interactions among individuals. This study is
focused on the positive feedbacks that result from these
interactions (i.e. recruitment, existence of thresholds). However,
silk ball formation is regulated by an interplay between these
positive feedbacks and a series of negative feedbacks such as
overcrowding at the top of the stem, saturation of the flow on the
stem, or limited size of the population. A quantification of all of
these elements would be useful to carry out in the future: this
would allow the building of a dynamical model that would provide
not only a thorough quantitative description, but also a better
understanding of the rules that govern the collective migration
dynamics of 7. urticae.

Advantages and disadvantages of this mode of dispersal must be
studied in the future in order to further understand the role of
collective silk balls in the colonization of new habitats.

Elucidation of these collective behaviours will allow a better
understanding of the social bonds within a colony and their
potential influence on aggregation, dispersal, and web building in
a mite colony. Understanding how these collective balls emerge
and evolve is an important question and should contribute to a
better understanding of group behaviour and subsocial organiza-
tion 1in this species.

Acknowledgments

We thank Dr. Thomas Van Leeuwen who provided the mite strain used in
the experiments and Prof. Stanley Lutts who allowed us to use his culture
chamber. We thank Michel Pirnay for building cages and lighting system.
We are grateful to Dr. Georges Van Impe for his advice about 7etranychus
urticae. We also thank Guillaume Le Goff and Ellyn Bitume from the
Université catholique de Louvain-la-Neuve. This paper is a publication
BRC195 of the Biodiversity Research Center (Université catholique de
Louvain).

Author Contributions

Conceived and designed the experiments: GC. Performed the experiments:
GC. Analyzed the data: GG AAF A-CM J-LD. Contributed reagents/
materials/analysis tools: GC AAF. Wrote the paper: GC AAF. Assistance
in writing the manuscript: A-CM J-LD CD TH.

5. Wertheim B (2005) Evolutionary ecology of communication signals that induce
aggregative behaviour. Oikos 109: 117-124.

6. Saito Y (2009) Plant mites and sociality, diversity and evolution. Springer.

7. Turchin P (1998) Quantitative analysis of animal movement. USA: Sinauer
Associates.

8. Bergman CM, Schaefer JA, Luttich SN (2000) Caribou movement as a
correlated random walk. Oecologia 123: 364-374.

April 2011 | Volume 6 | Issue 4 | 18854



20.

21.

22.

23.

24.

26.

27.

28.

30.

31.

36.

37.

38.

39.

40.

. Petit O, Bon R (2010) Decision-making processes: The case of collective

movements. Behavioural Processes 84: 635—647.

. Van Impe G (1985) Contribution a la conception de stratégies de contrdle de

I’Acarien tisserand commun, Tetranychus urticae Koch (Acari: Tetranychidae).
These de doctorat. Université Catholique de Louvain. 283 p.

. Hance T, Van Impe G (1999) The influence of initial age structure on predator-

prey interaction. Ecological modeling 144(2-3): 195-211.

. Bolland HR, Flechtmann CHW, Gutierrez J (1998) World catalogue of the

spider mite family (Acari: Tetranychidae). Leiden: Brill Academic Publishers.

. MacGregor EA (1913) The red spider on cotton. U.S.D.A. Bur Ent Circ 172, 22 p.
. Mori H (1961) Comparative studies of thermal reaction in four species of spider

mites (Acarina: Tetranychidae). J Fac Agric Hokkaido Univ 52: 1-9.

. Hussey NW, Parr W] (1963) Dispersal of the glasshouse red spider mite

Tetranychus urticae Koch (Acarina, Tetranychidae). Entomol Exp Appl 6:
207-214.

. Boykin LS, Campbell WV (1984) Wind dispersal of the two-spotted spider mite

(Acari: Tetranychidae) in North Carolina peanut fields. Environ Entomol 13:
212-227.

. Kennedy GG, Smitley DR (1985) Dispersal. In: Helle W, Sabelis MW, eds.

Spider Mites. Their biology, Natural enemies and control. Amsterdam: Elsevier
1A: 233-242.

. Yano S (2004) Does Tetranychus urticae (Acari: tetranychidae) use flying insects as

vectors for phoretic dispersal? Experimental and applied acarology 32: 243-248.

. LiJ, Margolies DC (1993) Effects of mite age, mite density, and host quality on

aerial dispersal behaviour in the twospotted spider mite. Entomol Exp Appl 68:
79-86.

Bell JR, Bohan DA, Shaw EM, Weyman GS (2005) Ballooning dispersal using
silk: world fauna, phylogenies, genetics and models. Bull Entomol Res 95:
69-114.

Osakabe MH, Isobe H, Kasai A, Masuda R, Kubota S, et al. (2008)
Aerodynamic advantages of upside down take-off for aerial dispersal in
Tetranychus spider mites. Expl Appl Acarol 44: 165-183.

Saité Y (1977) Study on the spinning behaviour of the spider mite (Acarina:
Tetranychidae). I. Method for the quantitative evaluation of the mite webbing,
and the relationship between webbing and walking. Japanese Journal of Applied
Entomology and Zoology 21: 27-34.

Ebeling W (1934) Observations on a method of dissemination employed by
mites. Pan-Pacific Entomologist 10: 89.

Saité Y (1979) Study on spinning behaviour of spider mites. III. Responses of
mites to webbing residues and their preferences for particular physical conditions
of leaf surfaces (Acarina: Tetranychidae). Japanese Journal of Applied
Entomology and Zoology 23: 82-91.

. Yano S (2008) Collective and solitary behaviors of Two-spotted Spider Mite

(Acari: Tetranychidae) are induced by trail following. Ann Entomol Soc Am
101(1): 247-252.

Baker EW, Tuttle DM (1994) A guide to the spider mites (Tetranychidae) of the
United States. West Bloomfield: Indira Publishing House. 347 p.

Helle W, Sabelis MW (1985) Spider mites: their biology, natural enemies and
control (Vol 1A) Amsterdam: Elsevier. pp 405.

Walter DE, Proctor HC (1999) Mites. Ecology, evolution and behaviour.
Sydney: CABI Publishing.

. Rahman KA, Sapra AN (1940) Biology of the mite Paratetranychus indicus Hirst, a

pest of sugar cane in the Punjab. Indian Journal of Entomology of New Delhi 2:
201-212.

Fleschner CA, Badgley ME, Ricker DW, Hall JC (1956) Air drift of spider mites.
J Econ Entomol 49: 624-627.

Hoelscher CE (1967) Wind dispersal of brown soft scale crawlers Coccus
hesperidum (Homoptera: Coccidae) and Texas citrus mites Eutetranychus banksi
(Acarina, Tetranychidae) from Texas citrus. Annals of the Entomological Society
of America 60: 673-678.

. Miller RW, Croft BA, Nelson RD (1985) Effects of early season immigration on

cyhexatin and formetanate resistance of Tetranychus urticae (Acari: Tetranychidae)
on strawberry in central California. Journal of Economic Entomology 78:

1379-1386.

. Weeks AR, Turelli M, Hoffman AA (2000) Dispersal patterns of pest earth mites

(Acari: Penthaleidae) in pasture and crops. J Econ Entomol 93: 1415-1423.
Speyer ER (1926) Red spider investigations. Rep Exp Re. Sta Cheshunt. pp
46-48.

Suski ZW, Naegele JA (1963) Light response in the two-spotted spider mite. II.
Behavior of the sedentary and dispersal phases. Advances in Acarology 1:
193-198.

Brandenburg RL, Kennedy GG (1982) Intercrop relationships and spider mite
dispersal in a corn/peanut agro-ecosystem. Entomol Exp Appl 32: 269-276.
Clark R]J, Jackson RR, Waas JR (1999) Draglines and assessment of fighting
ability in cannibalistic jumping spiders. J Insect Behav 12: 753-766.
Anderson JT, Morse DH (2001) Pick-up lines: cues used by male crab spiders to
find reproductive females. Behavioral Ecology 12: 360-366.

Ruf C, Costa JT, Fiedler K (2001) Trail-based communication in social
caterpillars of Erwgaster lanestris (Lepidoptera: Lasiocampidae). Journal of Insect
Behavior 14(2): 231-245.

Le Goff G, Mailleux AC, Detrain C, Deneubourg JL, Clotuche G, et al. (2009)
Spatial distribution and inbreeding in Tetranychus urticae. C: R Biologies 332:
927-933.

@ PLoS ONE | www.plosone.org

41.

42.

43.

44,

46.

47.

48.

49.

50.

51.

58.
59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Collective Silk Balls in Tetranychus urticae

Saito Y (1997) Sociality and kin selection in Acari. In: Choe JC, Crespi BJ, eds.
The evolution of social behavior in Insects and Arachnids. Cambridge:
Cambridge University Press. pp 443-458.

Van Leeuwen T, Vanholme B, Van Pottelberge S, Van Nieuwenhuyse P (2008)
Mitochondrial heteroplasmy and the evolution of insecticide resistance: Non-
Mendelian inheritance in action. Proceedings of the national academy of
sciences of the United States of America 105(16): 5980-5985.

Yano S, Wakabayashi M, Takabayashi J, Takafuji A (1998) Factors determining
the host plant range of the phytophagous mite, Tetranychus urticae (Acari:
Tetranychidae): a method for quantifying host plant acceptance. Exp Appl
Acarol 22: 595-601.

Sances FV, Wyman JA, Ting IP (1979) Physiological responses to spider mite
infestations on strawberries. Environ Entomol 8: 711-714.

. De Angelis JD, Larson KC, Berry RE, Krantz GW (1982) Effects of spider mite

injury on transpiration and leaf water status in peppermint. Environ Entomol 11:
975-978.

Smitley DR, Kennedy GG (1985) Photo-oriented aerial-dispersal behaviour of
Tetranychus urticae (Acari: Tetranychidae) enhances escape from the leaf surface.
Ann Entomol Soc Am 78: 609-614.

Margolies DC, Kennedy GG (1988) Fenvalerate-induced aerial dispersal by two-
spotted spider mite. Entomol Exp Appl 46: 233-240.

Pralavorio M, Fournier D, Millot P (1989) Activité migratoire des tétranyques:
mise en évidence d’un rythme. Entomophaga 34(1): 129-134.

Deneubourg JL, Goss S (1989) Collective patterns and decision-making.
Ethology Ecology & Evolution 1: 295-311.

Detrain C, Deneubourg JL (2008) Collective decision-making and foraging
patterns in ants and honeybees. Advances in Insect Physiology 35: 123-173.
Saffre F, Mailleux AC, Dencubourg JL (1999) Dragline attachment pattern in
the Neotropical Social Spider Anelosimus eximius (Araneae: Theridiidae). Journal

of Insect Behavior 12(2): 277-282.

. Jeanson R, Dencubourg JL, Theraulaz G (2004) Discrete dragline attachment

induces aggregation in spiderlings of a solitary species. Animal behaviour 67:
531-537.

. Fitzgerald TD (1995) The tent caterpillars. Ithaca: Cornell University Press.

Sudd J (1963) How insects work in groups. Discovery. June. pp 15-19.

. Deneubourg JL, Pasteels JM, Verhaeghe JC (1983) Probabilistic behaviour in

ants: a strategy of errors? Journal of Theoretical Biology 105: 259-271.

. Towne WF, Gould JL (1988) The spatial precision of the honeybees’ dance

communication. Journal of Insect Behavior 1: 129-155.

. Hslldobler B, Wilson EO (1990) The ants. Massachussets: Harvard University

Press. 732 p.

Scott JP (1972) Animal Behaviour. Chicago: University of Chicago Press.
Altman D (1985) The effects of allelomimetic behaviour in animals. Proceedings
19" International Ethology Conference, Toulouse. pp 112-113.

Sumpter DJT, Pratt C (2009) Quorum responses and consensus decision
making. Phil Trans R Soc B 364: 743-753.

Sempo G, Canonge S, Detrain C, Deneubourg JL (2009) Complex Dynamics
Based on a Quorum: Decision-Making Process by Cockroaches in a Patchy
Environment. Ethology 115: 1-12.

Bonte D, Vandebroecke N, Lens L, Maelfait JP (2003) Low propensity for aerial
dispersal in specialist spiders from fragmented landscapes. Proc R Soc Lond 18:
385-402.

Bonte D, Vanden Borre J, Lens L, Maelfait JP (2006) Geographic variation in
wolfspider dispersal behaviour is related to landscape structure. Anim Behav 72:
655-662.

Margolies DC (1987) Conditions eliciting aerial dispersal behaviour in Banks
grass mite, Oligonychus pratensis (Acari: Tetranychidae). Environ Entomol 16:

928-932.

5. Chapman CA, Chapman IJ (2000) Determinants of group size in primates: the

importance of travel costs. In: Boinski S, Garber PA, eds. On the move.
Chicago: University of Chicago Press.

Courchamp F, Berec L, Gascoigne J (2008) Allee effects in ecology and
conservation. New York: Oxford University Press.

Yoder JA, Denlinger DL, Wolda H (1992) Aggregation promotes water
conservation during diapause in the tropical fungus beetle, Stenotarsus rotundus.
Entomol Exp Appl 63: 203-205.

Schmidt-Nielsen K (1984) Scaling: Why is animal size so important? New York:
Cambridge University Press.

Yoder JA, Barcelona JC (1995) Food and water resources used by the
Madagascan hissing-cockroach mite, Gromphadorholaelaps schaeferi. Exp Appl
Acarol 19: 259-273.

Glass EV, Yoder JA, Needham GR (1997) Clustering reduces water loss by adult
American house dust mites Dermatophagoides farinae (Acari: Pryoglyphidae). Exp
Appl Acarol 22: 31-37.

Grassé PP, Chauvin R (1944) L’effet de groupe et la survie des neutres dans les
sociétés d’insectes. Rev Sci 82: 461-464.

Sigal MD, Arlian LG (1982) Water balance of the social insect Formica exsectoides
(Hymenoptera: Formicidae) and its ecological implications. Physiol Zool 55:
355-366.

Secley TD (1995) The Wisdom of the Hive. London: Harvard University Press.
Bonabeau E, Dorigo M, Théraulaz G (1999) Swarm Intelligence: From Natural
to Artificial Systems. Oxford: Oxford University Press.

Anderson C, Francks NR (2001) Teams in animal societies. Behavioral Ecology
12(5): 534-540.

April 2011 | Volume 6 | Issue 4 | 18854



Collective Silk Balls in Tetranychus urticae

76. Camazine S, Deneubourg JL, Franks NR, Sneyd J, Theraulaz G, et al. (2001) 78. Lioni A, Sauwens C, Theraulaz G, Deneubourg JL (2001) Chain formation in

Self-organization in biological systems. Princeton: Princeton University Press. pp Oecophylla longinoda. J Insect Behav 14: 679-696.

538. 79. Popov S (1996) On collective migration of Tetranychus urticae (Acariformes,
77. Lioni A, Deneubourg JL (2004) Collective decision through self-assembling. Tetranychidae) under laboratorry conditions. Zoologichesky Zhurnal 75:

Naturwissenschaften 91(5): 237-241. 533-537.

@ PLoS ONE | www.plosone.org 9 April 2011 | Volume 6 | Issue 4 | e18854



