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Abstract

The tomato russet mite Aculops lycopersici has become a challenging pest in tomato production in the EU. The number of
available acaricides is low, and the efficacy of biological control is limited. With this study, we aim to understand better the
unhindered dispersal dynamics and develop a method to reduce dispersal on plants.

To better understand the dynamics of A. lycopersici dispersal in layered tomato cultivation under practical conditions, a
first trial was carried out. The trial confirmed that first A. lycopersici symptoms in practical cultivation usually occur in the
lower or the middle third of tomato plants and then move upwards on plants. It was observed that plants, for a limited period
of time often are able to grow new healthy leaves in the same pace as existing leaves, mostly in the lower and middle part
of the plant are damaged by A. lycopersici. This is possible due to the fast growth rate of hybrid tomato varieties in layer
cultivation. To test if the observed effect can be supported by further slowing down the upwards movement of the pest, a
second trial was conducted. Here, the stems of inoculated tomato plants were blocked weekly for A. lycopersici by applying
aring of insect glue 15 cm below the tip of the plants. This stem blockage severely impaired the only active dispersal mode
of A. lycopersici: walking. The growth of new plant material, when the method is applied, is able to exceed the speed with
which A. lycopersici destroys plant material in layered tomato cultivation. This resulted in significantly less plant damage
and prevented fruit damage on all treated plants. The approach of manipulating the plant stem and thereby restricting the
movement of the mite on tomato plants could potentially be exploited for plant protection purposes under practical conditions.
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Introduction

The tomato russet mite Aculops lycopersici (Tryon; Acari:
Eriophyoidea), is a vagrant eriophyoid mite that is consid-
ered a pest in different Solanaceae crops (Perring and Far-
rar 1986). A. lycopersici is currently found throughout the
world in both tropical and temperate regions. Before 1999,
there were only minor incidents of A. lycopersici in Ger-
many. However, in recent years, the mite has occurred more
frequently in tomato production in Germany (Merz 2020)
and other parts of the EU. This observation is in line with
reports of an increased economic impact of eriophyoid mites
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in general in several regions of the world (Duso et al. 2010).
A. lycopersici causes bronzing and a russeted appearance
of leaves and stem as it feeds on surface cells (Royalty and
Perring 1988), damaging the upper and lower epidermis of
the tomato plants (Royalty and Perring 1988). The feeding
can result in curling of leaf edges, followed by the dropping
of leaves (Capinera 2001), and in severe cases, it leads to the
death of the whole plant (Keifer et al. 1982).

A. lycopersici is a problematic pest due to its high repro-
duction rate, relatively small body size with a maximum
length of 0.2 mm (Haque and Kawai 2003), and the fact that
a limited number of plant protection agents are authorised
for this pest in Germany (BVL 2023). Despite studies that
show a certain effect of predatory mites against A. lycoper-
sici (Brodeur et al. 1997; Park et al. 2010; Park et al. 2011),
the efficacy of these natural enemies in practical conditions
is small (van Houten et al. 2013). More recent studies show
very promising results for different predatory mites under
semi-practical conditions but have yet to be confirmed with
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trials in practical cultivation (Pijnakker et al. 2022a, b; Ver-
vaet et al. 2022; Castafié et al. 2022). In practise, recognition
of A. lycopersici infestation coincides with recognition of
symptoms on plants which first usually appear in the lower
part of plants (Bailey and Keifer 1943; Capinera 2001).
Especially early symptoms, such as light chlorosis on leaves,
or light grey and brown shading on the stem, are easily over-
looked. Later developing and more obvious symptoms can
be misdiagnosed as a fungal pathogen by unexperienced
farmers or workers.

So far, there is not one ideal strategy to combat A. lyco-
persici outbreaks in tomato cultivation. One reason for this is
that too little is known about A. lycopersici dispersal patterns
in modern layered tomato cultivation. As a pest that is una-
ble to fly and that walks only at a low speed, A. lycopersici
makes use of further techniques to disperse and reach new
host plants (Sabelis and Bruin 1996; Michalska et al. 2010).
Michalska et al. (2010) categorised the dispersal modes of
eriophyoid mites into active dispersal, such as walking to
uncolonized plant surfaces or to secondary plants in direct
contact to the already colonized plant, and passive dispersal
such as transferral via air currents, phoresy (i.e. using mov-
ing vectors as transport vehicle) or raindrop splashes (Jepp-
son et al. 1975). The described dispersal modes have been
studied in different eriophyoid mites, but not yet specifically
in A. lycopersici. However, they are assumed to apply for
A. lycopersici too (Capinera 2001). According to Sabelis
and Bruin (1996), aerial dispersal is considered the most
important mode under natural conditions.

In the artificial greenhouse environment, A. lycopersici
faces distinct conditions for dispersal that are very differ-
ent to those they encounter under natural conditions. While
dispersal via raindrops can be disregarded entirely, active
dispersal via walking short distances in relative compari-
son is likely to be of higher importance to reach new host
plants, as all neighboured plants are hosts, or uncolonized
plant surfaces within one plant. In addition, dispersal via
phoresy is likely with several different airborne tomato pests
(Michalska et al. 2010) or beneficials, but also via humans
working on the crop with clothes or tools that can function
as a carrier medium (Capinera 2001). Dispersal via air cur-
rents will also occur in greenhouses, as ventilation is often
used to reduce air humidity (Kittas and Bartzanas 2007).
Whether dispersal can be triggered via droplets or airstreams
produced in the application process of pesticides has not
been looked into until today.

For within-plant dispersal, A. lycopersici individuals tend
to move upwards and aggregate on the highest tips of differ-
ent plant organs such as leaves or fruits. The logical expla-
nation for this is that, since plants grow upwards, younger
uncolonized plant tissue is available at higher locations. This
behaviour is also assumed to facilitate dispersal via air cur-
rents (Sabelis and Bruin 1996).

@ Springer

Tomatoes are commonly cultivated in a system called
layer cultivation. This cultivation method produces a high
dynamic in the tomato crop and makes the recording of pest
dispersal challenging. Nevertheless, layer cultivation cur-
rently is the most common cultivation method.

That almost none of the relevant studies cited in the latest
A. lycopersici review by Vervaet et al. (2021) were con-
ducted under practical growing conditions underlines the
relevance of the trials conducted for this study: In a first trial,
the unhindered movement of A. lycopersici was assessed by
closely monitoring the corresponding symptom development
throughout a tomato crop and within plants growing in layer
cultivation in the typical double row arrangement (dispersal
trial). Based on the observations from this first trial, in a
second trial tomato plants were grown in layer cultivation,
and it was investigated whether interfering with A. lycoper-
sici within-plant dispersal by blocking the stem using insect
glue would reduce pest damage (glue ring trial). The glue
ring trial was based upon the hypothesis that walking is the
most important within-plant dispersal mode; the glue ring
at the stem aimed to interfere with this mode of dispersal.

Materials and methods

Dispersal trial: setup, greenhouse conditions
and cultivation work

For the dispersal trial, 160 plants of the cultivar Baylee F1
(Enza Zaaden) were sown on the 14th of March in 2017
and singled into pots with a 10 cm diameter on the 22nd
of March. The plants were planted into four adjacent soil-
greenhouses on the 19th of April. Each greenhouse con-
tained 40 plants divided into two double rows (a and b), each
consisting of 2x 10 plants (Fig. 1 left). This setup resulted in
8 separate double rows. The in-row distance between plants
was 50 cm, the distance between the two single rows of a
double row was 100 cm, the distance between the centre
of the double rows was 200 cm. The minimum tempera-
ture of the greenhouses was set to 18.0 °C and whenever
the temperature fell below this level the heating system was
activated. Roof windows were opened at temperatures above
22.0 °C and side windows opened above 24.0 °C. There was
no active cooling or humidity control in the greenhouses.
When provided with good growing conditions, modern
hybrid tomato varieties can reach a stem length far beyond
10 m within one growing season. Since greenhouses are not
high enough to allow for a vertical stem of 10 m, and to
keep the fruit zone at a workable height, tomato plants are
usually grown in “layer cultivation”. To resemble practical
conditions, layer cultivation was also chosen for the two tri-
als of this study. A detailed schematic of layer cultivation
is depicted in Fig. 1. As the tomato plants grow at the top,



Journal of Plant Diseases and Protection (2024) 131:155-166

157

()
\S%J)

NS oo aaoaad)!

5.1 O-O-O-O-O-O-O-O-H®)
(o)

e esaeel
(0302020202020202020

0 O-O-O-0-O-O-O-0-HD ﬁ

e e o ool
(03026020202020202020
O-O- - - O-O-O-O-H®)

TGS SGGGPT
(0)102020202050502020

IO Y
O-O-O-O-O-O-O-O-H®)

(oM
bl o TN
(0)105020202050502020

—

o

Fig.1 Left: birds-eye-view of the dispersal trial showing all eight
double rows in the four consecutive greenhouses. Each number
displays one plant, each double row consists of 2x 10 plants. The
squares indicate plants that were inoculated with A. lycopersici.
Arrows indicate the direction in which the plants were layered and

additional growing thread is unwound from the metal hooks
depicted in Fig. 1 (right), and the plants are lowered to give
room for more growth while the vertical leafy part of the
plants, together with the hooks, move along the horizontal
wire at the top. Before the lower part of the plant is aligned
horizontally, it is defoliated and fruits are harvested. At the
end of the double row, plants are simply hung on the other
wire and from that point on they move in the opposite direc-
tion as they grow further. This switch explains why the stems
curve at the bottom, at the end of each double row. In the
results section for the dispersal trial, the single row closer
to the viewer is termed the “front row” and the one behind
is termed the “back row”.

On the 19th of June, two plants in each double row on
one side of the greenhouse (Fig. 1-Left) were inoculated
with 30 adult A. lycopersici individuals of unidentified sex
at the stem in the middle height of the leaf area, roughly
125 cm above ground. The inoculation was repeated on the
26th of June, 7 days past (first) inoculation (dpi), and again
on the 6th of July, 17 dpi, to ensure inoculation success and
sufficiently high pest pressure. The A. lycopersici individu-
als used in this trial had been reared on tomato plants. The
mites in the rearing originated from a private garden near
Brunswick (Germany). Cultivation work such as winding
the tomato plants around the twines, removing side shoots,
defoliation and harvest was always started at the inoculated
plant 1 in each double row. Between each double row, gloves
were disinfected to avoid that A. lycopersici individuals were

thereby in which direction the vertical leafy part of the plants were
moving as the plants grew. Right: schematic display of tomato plants
in layer cultivation viewed from the side. To allow better visualisa-
tion, plant stems are shown without leaves. The illustration shows a
double row with 2 x5 plants

carried from one double row to another. Cultivation works
(removing side shoots, unwinding growing thread, remov-
ing leaves at the bottom, harvesting fruits) were conducted
twice per week.

Dispersal trial: symptom assessment

A. lycopersici-typical symptoms were assessed two times
per week for each plant and in total 33 times over a period
of 16.5 consecutive weeks. The first assessment was con-
ducted on June 19th directly before the first inoculation. The
vertically aligned and leafy part of each plant was divided
into three different heights (low, mid and high) and scored
separately into classes 1: healthy; 2: light symptoms (stem
showing light grey/rust brown discoloration, leaves showing
light discoloration/light chlorosis); and 3: strong symptoms
(stem showing strong, rust brown, coloration and strongly
reduced trichome coverage, leaf browning, necrosis and
clear leaf deformation). To make sure that the symptoms
did not derive from other causes, symptoms were inves-
tigated closely with magnification lense where necessary
and presence of A. lycopersici on symptomatic plant organs
was checked frequently on a sample basis with sticky tape
imprints. Due to the size of the plants, the plant numbers
and the practical growing conditions, the dispersal data were
derived solely from symptom development. Detailed and
comprehensive probing for A. lycopersici presence or count-
ing individuals would have been too time intensive. This is
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especially due to the heterogenic distribution of A. lycoper-
sici within plants and within single plant organs. To ensure
that symptoms were assessed independently, the results of
the previous assessment were not on hand to the person con-
ducting the assessment.

Glue ring trial: setup, greenhouse conditions
and cultivation work

For the glue ring trial, 48 plants of the cultivar Baylee F1
(Enza Zaaden) were sown on the 11th of March in 2019 and
singled into pots with a 10 cm diameter on the 21 of March.
The plants were planted into two adjacent soil-greenhouses
on the 24th of April. Each greenhouse contained 24 plants in
total divided into 6 plots. Each plot consisted of 2 X 2 plants
in a double row as shown in Fig. 2. The climate control
measures in this trial were identical to those implemented
in the dispersal trial.

The plants were grown in layer cultivation. Defoliation
and harvest were conducted once per week, prior to the sam-
pling of leaves and after winding tomatoes around the twines
and removing of side shoots. Winding and shoot removal
were done twice per week and separately from defoliation
and harvest. Gloves were always changed after work was fin-
ished at each plot. To quickly produce symptoms, all plants
were inoculated, each with (equally) highly infested tomato
leaves (estimated as having at least 2000 A. lycopersici indi-
viduals per leaf) on the 19th of June. The infested leaves
were placed on a leaf between the middle and the upper third
of the plants. To test whether the inoculation had been suc-
cessful, all plants were checked for A. lycopersici individuals
seven days post inoculation, with sticky tape imprints taken
from the stem as described in Pfaff et al. (2020). On the 22nd
of July, 33 dpi, inoculation with A. lycopersici was repeated

Fig.2 One of two greenhouse chambers of the glue ring trial at an
early stage. Picture: A. Pfaff 2019

@ Springer

but this time the inoculation site was 10 cm below the tip
of each plant, on the youngest fully unfolded leaf so as to
simulate A. lycopersici reaching the highest parts of tomato
plants. The applied A. lycopersici individuals were taken
from the same rearing as those used for the dispersal trial.
The trial consisted of two treatments, each with six plots of
four plants. The treatments were (1) positive control without
countermeasures against A. Iycopersici, and (2) treatment
with an insect glue ring applied weekly to the stem of the
tomato plant at the same day the sampling was carried out.
As soon as the first symptoms of A. lycopersici were vis-
ible, 5 glue rings were applied evenly over the height of
every plant to the stem of the plants, followed by a weekly
glue ring application 15 cm below the tip of the plants. The
applied insect glue was “Temmen Insektenleim” (Temmen
GmbH, Hattersheim, Germany). On average the glue cov-
ered a height of 2 cm on the plant stem. This glue is the
adhesive that is usually used on coloured sticky traps. It was
specifically chosen for this trial as it does not change viscos-
ity when exposed to heat, and it maintains a high level of
adhesiveness over time. Macrolophus pygmaeus, a predatory
plant bug used for biological control of several insect pests,
was introduced into the greenhouses on the 29th of April
to mimic practical growing conditions and enable potential
phoresy such that A. lycopersici could overcome the glue
barrier.

Glue ring trial: symptom assessment

The total number of leaves and the number of leaves show-
ing A. lycopersici-typical symptoms were counted weekly
over a period of 84 days, between the 17th of June and the
9th of September. With these data, it was possible to calcu-
late the proportion of symptomatic leaves on every plant. In
this trial, in contrast to the dispersal trial, the severity of the
observed symptoms was not noted. The seven-day growth
of 12 plants in the glue ring trial (one plant per plot in both
treatments) was measured over a period of four weeks.

Statistical analysis

Statistical analysis was performed with the Software ‘R’ (R
Core Team 2021; version 4.1.0).

To test whether the working direction in the dispersal
trial had an effect on time until symptom development, a
Kaplan—-Meyer curve was fitted, followed by a log-rank
test conducted using the ‘survival’ R-package (Therneau
2021). For comparison, plants 3, 4 and 5 (in working
direction) were compared with the plants 18, 17 and 16
(not in working direction). The plants were selected for
their equal “in-row” distance to the inoculated plants. The
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direct neighbours to the inoculation plants, 2 and 19, were
left out as the chance that these plants would have been
quickly colonised by walking A. lycopersici individuals
was assumed to be high. It was not distinguished between
different plant heights, only the timestamp of the first
symptom on a plant was considered in the analysis. The
survival analysis was chosen because not all plants devel-
oped symptoms. The plants that did not develop symptoms
were still included as censored data points in the analysis.

To test whether the weekly application of a glue ring to
the stem of tomato plants had an effect on the proportion
of leaves damaged by A. lycopersici, generalised linear
mixed effects models with beta family were fitted using the
‘elmmTMB’ R-package (Brooks et al. 2017). The interac-
tion between glue ring treatment and sampling date was
fitted as a fixed effect, plant ID nested in plot, nested in
double row, nested in greenhouse was fitted as random
effect to account for the trial structure. To account for the
repeated measurements over time, for each plant an (AR1)
autocorrelation structure was fitted since this model had
a considerably lower AIC (Aikaike information criterion)
in comparison to the model without AR1 when fitted with
restricted maximum likelihood (REML). The AIC allows a
relative comparison of the goodness of fit between models
by penalising models with higher numbers of independent
variables. Significance of model parameters was assessed
using Wald »? test and ANOVA type 3 sums of squares
using the ‘car’ R-package (Fox and Weisberg 2019).

A Tukey post hoc test for comparison of the estimated
marginal means between the symptomatic leaf proportion
in the glue ring treatment and in the positive control at
each sampling date was conducted using the ‘emmeans’
R-package (Lenth 2021).

Results
Dispersal trial
Time until first symptom development on inoculated plants

Eleven out of 16 plants showed first symptoms on the 27th
of July, 38 days post (first) inoculation (dpi). Of the five
exceptions, one of the two plants in the double row b in
greenhouse-chamber 5.2 showed first symptoms 42 dpi
on the 31st of July. The remaining four inoculation plants
of the double rows a and b in the greenhouse-chamber
5.1 showed first symptoms between 101 dpi on the 28th
of September, and 123 dpi on the 20th of October. The
first symptoms developed in an area of 5 cm around the
inoculation spot on the stem on each plant, partly on leaves
growing in this area.

Height at which first symptoms occurred

Of the 160 tomato plants in the dispersal trial, 12 plants
remained free of A. lycopersici symptoms. Of the remaining
148 plants, 143 plants showed first A. lycopersici symptoms
either in the lower or the middle third of the plant, or in both
of these heights at the same time. Five plants showed first
symptoms either at the same time in the middle and the high
third of the plant, or in all three heights at the same time, as
shown in Fig. 3.

Influence of working direction on symptom development

Three out of the 24 plants in working direction did not pro-
duce any symptoms and eleven plants did not produce strong
symptoms. Two of the 24 plants not in working direction did
not produce any symptoms and nine plants did not produce
strong symptoms. A Kaplan—Meyer curve followed by a log-
rank test revealed that there was no significant difference
between the group of plants in working direction (plants 3,
4 and 5) and the group of plants not in working direction
(plants 16, 17 and 18) in the time until first symptoms (p=1)
and strong symptoms (p =0.4) occurred (Fig. S1 & S2 in the
supplementary information).

“In-row-dispersal” versus “inter-row-dispersal”
to neighbouring plants in double rows

It was observed that in the surroundings of the inoculated
plants with the numbers 1 and 20, the in-row neighbour-
ing plants 2, 3, 19 and 20 produced strong and lasting
symptoms slightly earlier compared to the neighbouring
plants in the corresponding single row within the double

low+mid
height of first symptoms

mld+h|gh [ow+mrd+h\gh no symptoms

inoculation inoculated . not inoculated

Fig.3 Count of tomato plants on the Y-axis, and the height at which
they showed first A. lycopersici symptoms displayed on the X-axis
for inoculated plants and plants that were not inoculated. None of the
plants showed first symptoms just in the high third or combined in the
low and the high third (n =160, of which 16 were inoculated plants)
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«Fig. 4 Symptom development in the vertical leafy part of plants, dis-
played separately for the eight double rows, each labelled as front and
back row (and shown above each other). Each tile stack displays a
single plant, with its plant number displayed underneath. Each plant
is stacked threefold, divided into the heights in which symptoms were
sampled (low, mid, high). For a better understanding, refer to Fig. 1
and the respective section on “layer cultivation”. Numbers in the tiles
display: The assessment post inoculation at which first symptoms
occurred in that height on that particular plant (upper number), the
number of times symptom intensity decreased (lower left number)
and the number of times symptom intensity increased (lower right
number) from one sampling date to the next. Empty tiles indicate that
the plant remained free of symptoms. The shading of the tiles cor-
responds to the assessment date at which first symptoms occurred
(dark: early sampling date, light: late sampling date). Plants 1 and 20,
marked with a bold black frame, were inoculated with A. lycopersici

row. Since the plants in the single row of the inoculation
plants 1 and 20 move in the opposite direction to the cor-
responding single row, the inter-row neighbouring plants
of the inoculation plants changed frequently as opposed to
the in-row neighbouring plants 2 and 19, which remained
the same. Thus, a valid statistical comparison is difficult.
Nevertheless, this phenomenon can be observed more or
less prominently in most of the double rows displayed in
Fig. 4.

Tomato growth versus speed of symptom development

Inspecting the symptom development across plant height
levels and time shown in Fig. 4, it appears that the symp-
toms on multiple plants visible at specific heights either
decreased in severity or disappeared entirely in those heights
(for instance plant 20 in double row 5.1_a, plants 1-6, 10,
11 and 13-20in 5.2_a, plants 1, 2, 5, 12-14, 17 and 19 in
5.3_b and plants 1, 3-6, 8, 10, 11 and 16 in 5.4_a). Not vis-
ible in the chosen symptom display of Fig. 4 but nevertheless
observed: Plants that only showed symptoms in the high or
middle third, showed them in the middle and lower third
in following sampling dates, whereas the high or middle
third of the plants was observed to be symptom free. Also,
in some cases the middle or high third of the plants remain
symptom free over several sampling dates while in the lower
third of the plant's symptoms were apparent.

A. lycopersici upward movement on plants

A. lycopersici populations tended to move upwards on the
plants. This behaviour led to A. lycopersici individuals accu-
mulating on the highest points on different plant organs.
These accumulations closely resemble pollen or dust debris
(Fig. 5). The observed accumulations remained in these high
spots until the particular leaves or fruits were removed.

Glue ring trial
A. lycopersici induced symptom development

At the first four sampling dates, 2 days prior to inoculation
until 19 days post (first) inoculation (dpi) there were no sig-
nificant difference in terms of the proportion of symptomatic
leaves between plants that received a weekly glue ring and
plants that received no treatment (positive control) (Fig. 6).
From 26 dpi until 82 dpi the proportion of symptomatic
leaves in the glue ring treatment was significantly lower com-
pared to the positive control (post hoc test p-values: 26 dpi:
0.00122; 33 dpi: 1.14e-7; 40 dpi: 2.01e-14; 47 dpi: < 2e-16; 54
dpi: <2e-16; 61 dpi: 9.07e-14; 68 dpi: 3.74e-6; 75 dpi: 1.02e-
6; 82 dpi: 2.5e-11). From 40 to 82 dpi, the median proportion
of symptomatic leaves in the positive control ranged between
20 and 40%, whereas there were virtually no symptoms in the
plants which received the glue ring treatment. At 68 and 75
dpi, symptoms increased temporarily in the glue ring treated
plants, with the median ranging from 5 to 10% symptomatic
leaves but still remained significantly lower compared to the
positive control. There is a slight decreasing trend in the pro-
portion of symptomatic leaves in the positive control and the
glue ring treatment at 75 and 82 dpi. Of the 24 plants in the
positive control, 18 showed fruit damage. No plant in the glue
ring treatment developed fruit damage.

Figure 7 shows tomato plants that received a glue ring
treatment on their stem. A. lycopersici individuals accumu-
late as they are prevented from reaching the higher parts of
the tomato plant. There are clearly visible symptoms below
the glue ring.

Growth rate of tomato plants

The seven-day growth was relatively constant throughout
the measurement period in July and August. On average the
tomato plants grew 25.47 cm every 7 days (Fig. 8).

Beneficial insects

The glue rings remained free of the introduced M. pygmaeus.
M. pygmaeus individuals were found in high numbers on all
plants, both on plants that had received the glue ring treat-
ment and on those that had not. No count was performed, so
it is not possible to conclude whether M. pygmaeus showed
a preference for plants that had or did not have a glue ring.

Discussion
In the dispersal trial under practical conditions, following

inoculation with a small number of A. lycopersici individ-
uals (< 30), first symptoms became visible 38 dpi. Other
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Fig.5 Picture of tomato leaves
covered with A. lycopersici
accumulations at the highest
points. Upper left and right: pic-
ture taken in greenhouse. Lower
left and right: magnified picture
taken with stereomicroscope
(magnification factor not noted).
Pictures: A. Pfaff 2017
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Fig.6 Comparison of the proportion of symptomatic leaves per plant
for plants that had a weekly glue ring applied to their stem (n=24,
grey box) and plants that received no treatment (n=24, white box)
over a period of 84 days. Each dot represents one plant at the sam-
pling date. Boxplots display lower and upper quartiles (boxes), and
the lowest and highest proportion of symptomatic leaves within
1.5xthe lower and higher quartile range (whisker). The horizontal
line in each boxplot displays the median. The black error bars dis-
play the 95% confidence intervals obtained from the generalized lin-
ear mixed model. The stars at the top indicate significant differences
between the treatments at the particular sampling dates according to a
post-hoc Tukey test

trials conducted under practical conditions with low inocu-
lation numbers at the same trial station also supported the
conclusion that it takes at least four to six weeks for first
symptoms to develop (data not shown). This finding cor-
roborates observations in other studies, for example, Pijn-
akker et al. (2022a) reported that first symptoms appeared
after five weeks. First symptoms on inoculated plants always
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developed directly at and surrounding the inoculation sites.
This indicates that small numbers of A. [ycopersici arriving
on a new plant tend to feed and propagate at the arrival site
before they move upwards, likely when population density
has increased. This assumption and the assumption that a
large population of A. lycopersici is required to produce sig-
nificant plant damage, are the fundamental preconditions
upon which the following glue ring trial was developed.

The absence of a significant difference in symptom devel-
opment between plants in working direction and those not
in working direction in this trial indicates that in the close
proximity of double rows, transport via gloves and tools (as
reported in Capinera (2001)), seems to have played a less
important role as compared to the other possible disper-
sal modes. However, since the total number of plants with
2 x 10-plants double rows was relatively small, it cannot be
excluded that A. lycopersici individuals were transported by
workers from plant 1 to, for instance, plants 16, 17 and 18
that were classified as “not in working direction”.

From visual inspection of the dispersal trial results, it
is clear that in-row neighbouring plants tended to develop
strong and lasting symptoms earlier than inter-row neigh-
bouring plants. One likely reason for this is that between
in-row neighbouring plants not only leaves but also stems
touch as soon as they are aligned horizontally at the bottom
(Fig. 1, right) whereas with the plants in the other single
row of a double row only leaf contact exists. Additionally,
the vertical leafy parts in the two single rows of a double
row move in opposite directions, resulting in a much shorter
time of plant-to-plant contact as compared to permanent in-
row neighbour plants. It can be assumed that this shorter
period of contact means less mites were able to move to the
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Fig.7 Two tomato plants that
received a glue ring treatment
on their stems. In the pictures,
symptoms caused by A. lycoper-
sici are visible below the glue
ring. Pictures: A. Pfaff 2019
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Fig.8 Weekly plant growth (in cm, n=12) across five weeks of
observation starting with the 18th July (29 dpi). Each dot repre-
sents one plant at the sampling date. Boxplots display lower and
upper quartiles (boxes) and the lowest and highest proportion of
symptomatic leaves within 1.5 X the lower and higher quartile range
(whisker). The horizontal line in each boxplot shows the median

inter-row neighbouring plants. Another reason for this effect
in this particular trial could be the larger inter-row plant-
ing distance (1 m) compared to the in-row planting distance
(0.5 m), although especially the in-row distance between
the vertically leafy part of plants can vary throughout the
season. As there are no stable parameters due to the plant
movement in layer cultivation, it was not possible to test this
observation in a statistical model.

In almost all 148 plants, first symptoms were observed
in the lower and/or middle third section of the plant. This
finding corroborates reports in the literature (Bailey and
Keifer 1943; Capinera 2001) that first symptoms usually

occur in the lower half of cultivated tomato plants; here
proven for layer cultivation. Three hypotheses can explain
this phenomenon. I: the leaves in the lower and middle part
of tomato plants in layer cultivation are usually completely
unfolded—in contrast to the leaves in the upper part of the
plant, the leaves at the lower and middle section of the plant
have reached their maximum size. This means there is more
plant and leaf contact to neighbouring plants in the lower
and middle part of the plant. This increased contact makes
it easier for A. lycopersici populations to transfer onto the
lower and middle thirds of neighbouring plants. II. The time
initial infestations require to produce symptoms to tomato
plants is slower than plant growth. As it was shown in the
dispersal trial, the average time until first symptom develop-
ment in warm months on hybrid tomato plants after inocula-
tion with small numbers of A. lycopersici individuals (< 30)
was at least 38 days. On average plants grew 25 cm every
seven days (Fig. 8). Thirty-eight days equates therefore, to
approximately 135 cm of growth. In consequence even when
a small number of A. lycopersici individuals reach the high-
est parts of a plant, the symptoms appear 135 cm below the
tip. II. A. lycopersici makes use of the fact that the lower
parts of the plant stems come into contact as soon as the
plants are layered, to infest new plants. In this situation
A. lycopersici colonize new plants mainly from the lowest
defoliated regions, damaging lower leaves first.

For a limited period of time, it seems there was an equi-
librium between the pace at which new symptoms occurred,
and the growth of the plant, or even a temporary period of
time where the plant was able to “grow free of symptoms”.
A. lycopersici individuals that reached the leaves in the
lower half of the tomato plants, and populations that built
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up on these leaves were removed in the frequent defoliation
and harvest process in the lower part of plants. This removal
happens within a timeframe of four weeks, considering a
time window based on the leaf wall height (180 cm divided
by two for the lower half) and the growth rate at the trial
station (25 cm/7 days). What is happening in layer cultiva-
tion is, metaphorically speaking, a race for height between
the growing plant and the A. lycopersici population that is
damaging the plant. Sooner or later this race is usually won
by A. lycopersici, in its pace depending on different environ-
mental factors, such as drought stress (Pfaff et al. 2020), or
temperature and humidity (Haque and Kawai 2003). Due to
the exponential population growth of A. lycopersici, at some
stage the destruction of photosynthetically active leaf-area
ultimately progresses faster than new leaves can grow, slow-
ing down growth even further.

Given the limited number of tools that exist to control
A. lycopersici, a review of the dispersal modes of A. lyco-
persici and the distinct behaviour patterns this mite shows,
reveals possible weaknesses that can be exploited to better
control infestations. As reported in the literature (Michalska
et al. 2010), and observed in this study (Fig. 5), A lycopersici
has a strong tendency to move upwards on plants. Possible
triggers for this could be reaching a certain population den-
sity and / or reaching a plant damage threshold that low-
ers the quality of the feeding site. When looking at upward
within-plant dispersal and movement in layered tomato culti-
vation, the role of walking as the only active dispersal mode,
seems to be of high importance in the combined movement
of larger populations. The accumulation of A. lycopersici
individuals at high points (Fig. 5) indicates that this behav-
iour probably is due to an instinct, such as non-compass
negative gravitaxis as described in Grob et al. (2021), rather
than being a cognitive decision to search for less populated
surfaces with better feeding conditions. The tendency to
move upwards seems to be of such a linear nature that when
moving upwards on the stem of tomato plants, A. lycopersici
tend to avoid leaves that point downwards. In the conducted
trials, downward pointing leaves seemed to show symptoms
less often or at a later stage compared to leaves that had
a more horizontal or upward orientation. Also, once they
arrived at high points, the A. lycopersici accumulations
seemed to remain in these locations. As a consequence,
the majority of these “stranded” mites did not manage to
disperse aerially, or they failed to attach to carrier vectors
(phoresy). This observation underlines the importance of
the stem layer cultivation as the only plant organ that allows
completely unhindered and dead-end-free upward movement
on tomato plants.

Considering the described “race” between plant
growth and A. lycopersici population growth, and with
the assumed importance of the plant stem in mind, it was
decided to test the effect of blocking the stem of tomato
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plants against mites’ upward movement. This way the
hypothesis of walking being the most important within-
plant dispersal mode in layered tomato cultivation was put
to the test. Despite there being plant contact via leaves
within and between plants, in the glue ring trial the block-
age of the stems strongly limited the upward-movement
of the A. lycopersici populations. Only small numbers of
individuals managed to reach the higher sites on the plants,
they were of a magnitude that was incapable of creating
considerable plant damage. As the glue rings were applied
weekly 15 cm below the tip of the plants, the rings were on
average 25 cm away from each other. For every new stage
above a certain glue ring the A. lycopersici population size
was reset to the low number of individuals that reached
this particular height. This prevented unlimited population
growth, and consequently severe damage to the plants and
the fruit in the glue ring treatment compared to the plants
in the positive control. Cultivation work in the glue ring
trial was done either on the lower part of the plant (defolia-
tion and harvest) or on the higher part (winding of tomato
plants and removal of side shoots) to avoid the uncon-
trolled transport of mites via gloves or tools from lower to
higher parts of the plants. To test under more controlled
conditions how the scenario of a small number of mites
(< 30) reaching higher parts of the plants would influence
symptom development, all plants were inoculated 10 cm
below the tip on the 22nd of July 33 dpi for a second time.
The temporary increase in the proportion of symptomatic
leaves in the glue ring trial observed at 68 dpi and 75 dpi
before it decreased again at 82 dpi is most likely the result
of this secondary inoculation. The effectiveness of glue
rings around tomato stems under greenhouse conditions
(where there was air movement due to window ventila-
tion and with M. pygmaeus presence as a potential travel
vector) against A. lycopersici can be considered additional
evidence for the relatively higher importance of walking
for the pest’s dispersal and population build up as com-
pared to passive dispersal modes.

Despite significant differences in symptom development,
there was no collapse or death of complete plants in the posi-
tive control of the glue ring trial. On the contrary, this did
occur in the dispersal trial. Even though there was severe
damage in the positive control of the glue ring trial, the
absence of plants completely dying off might indicate that
pest pressure could have been higher. Towards the end of the
sampling period the outside temperatures were lower and the
humidity higher than the usual in this time of the year (data
not shown), which might have influenced the development
of the A. lycopersici populations negatively. A repetition of
the glue ring trial under dry conditions should be performed.
Comparable trials should be conducted in greenhouses with
different environmental and climatic conditions, and with
different tomato cultivars and A. lycopersici populations to
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allow for an estimation of efficacy under a broader range of
practical conditions.

Despite the fact that the glue ring treatment successfully
prevented A. lycopersici damage, there are some down-
sides to this method. The insect glue that was applied to
the stems was chosen for its durable stickiness—a high level
of adhesiveness remains even when the glue is exposed to
changes in temperature. This stickiness becomes a problem
however, when the glue ends up on fruit. In addition to this,
the applied insect glue is not selective for A. lycopersici
but would also trap beneficial arthropods such as preda-
tory mites that are applied against A. lycopersici. That said,
it is known that A. lycopersici benefits from trichomes as
these hinder the movement of predatory arthropods, but not
A. lycopersici itself (van Houten et al. 2013). For this rea-
son, the use of predatory mites in tomato production has
been limited to date. Fortunately, in this particular trial, the
introduced M. pygmaeus seemed to be unaffected by the
glue rings. In any case, non-sticky alternatives that are semi-
permeable for beneficial arthropods should be investigated.
Potential alternatives could be substances containing acari-
cidal compounds, for example Sulphur. Sulphur for instance,
is somewhat effective against A. lycopersici (Royalty and
Perring 1987) and is sprayed in practice against A. lycoper-
sici. Therefore, a ring at the stem containing or consisting
of concentrated sulphur might be feasible although negative
effects on predatory mites might occur with this compound
as well.

Conclusion

Small numbers of A. lycopersici cause first damage at the
initial infestation site on plants and apparently begin to move
upwards when a certain amount of plant damage or popula-
tion size is reached. This typical behavioural pattern can be
used as a starting point for a control strategy, particularly in
tomato layer cultivation. A good example of how this strat-
egy can be realised under practical growing conditions is
the use of physical barriers, as demonstrated with glue rings
around tomato stems. The results suggest a closer look at
A. lycopersici dispersal interference and the stem as a major
route for within-plant movement of A. lycopersici. If this
method provides equally good results across a wide range
of environmental conditions and with a workable substance,
this method will be a useful addition to integrated plant pro-
tection in tomato crops against this challenging pest.
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