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Phytoseiidae mites are efficient predators, able to control pest mites and small arthropods
in crops all over the world, using three biological control strategies: (i) augmentation,
(i) classical, and (i) conservation. This paper focuses on the latter strategy. Most of
those predatory mite species are generalist predators; they are naturally present in
agro-ecosystems both on crops and adjacent natural vegetation. Because of such
characteristics, their occurrence is usually associated with the use of fewer pesticides,
providing relief to ecosystem services. As a first baseline for managing their occurrence
in agro-ecosystems, a review of the present knowledge of plants and predatory mite
interactions and predator dispersal ability is proposed. In addition, based on the author’s
own occurrence database, the study aims at analyzing (i) plant traits and the potential
co-evolutionary relationships between plants and predatory mite species and (i) how this
can be used to forecast favorable plants to key predatory mites. For this, some examples
were taken, i.e., vine and citrus crops, and three species, Kampimodromus aberrans,
Euseius stipulates, and Typhlodromus (Typhlodromus) pyri. The main conclusion is that
the occurrence database can help in determining the probability of finding predatory
mite species on crops and non-crop plants. However, because some elements are
lacking, especially predatory mite density, plant traits and the true overall distribution, it is
currently, difficult to associate plant traits and plant phylogeny to Phytoseiidae diversity.
Additional meta-analyses in collaboration with plant specialists would be required. Finally,
the paper presents some examples of agroecosystem management at different scales
(intercropping, agroforestry, borders management, landscape).

Keywords: biological control, natural enemies, agroecosystem management, mites, agro-environmental
management
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INTRODUCTION

Current agricultural practices are increasingly questioned and
face two major worldwide challenges to (i) increase crop yields for
feeding more humans on the planet, (ii) provide more quality
food to address health concerns and (iii) avoid pollution for
resource sustainability. In this context, crop protection, especially
pesticide use, is an increasing threatening practice. However,
crop protection is still necessary to ensure food quality and
sufficiently high yield (Oerke, 2006). Several measures have been
taken in several countries to limit the use of pesticides. For
instance, the European Directive 2009/128/EC (https://eur-lex.
europa.eu/eli/dir/2009/128/2009-11-25) aims at achieving the
sustainable use of pesticides, reducing health risks and promoting
the use of integrated pest management and other alternative plant
protection strategies. National plans should be implemented
to cope with such objectives (i.e., training of professionals,
requirements for the sale of pesticides, pesticide application
equipment). In France, the Ecophyto plan aims to halve the
application of pesticides by 2025.

Biological control is considered a key solution to control
arthropods (Altieri, 1999; Power, 2010). This paper exclusively
focuses on predatory mites belonging to the Phytoseiidae family
and the term predatory mites is used throughout the text
to refer to mites of this family. These predators are used to
control mite pests as well as small insects (McMurtry and
Croft, 1997; Gerson et al., 2003). The Phytoseiidae family
contains more than 2,400 species worldwide (Demite et al.,
2018), used in the three biological control strategies. First, the
classical biological control aims at controlling invasive pests,
introducing natural enemies in the targeted area, from the
pest origin zone. These measures are usually expensive and
are funded by the government. One example is the successful
introduction of Typhlodromalus aripo De Leon, to control
Mononychellus tanajoa (Bondar) in Africa (Yaninek et al., 1989).
The second strategy, augmentative biological control, consists
of a mass release of natural enemies (exotic or endemic) in
crops. The natural enemies are usually commercialized by private
companies, and producers have to buy them for releasing. These
natural enemies are usually specific to their prey and this strategy
is essentially applied in greenhouses. One example is the mass-
releases of Phytoseiulus persimilis Athias-Henriot in greenhouses,
with a world market corresponding to 12% of the total
natural enemy market (Van Lenteren, 2006). Finally, the third
strategy, conservation biological control, consists of enhancing
the occurrence of natural enemies in the agro-ecosystem, through
its management (Letourneau et al,, 2011; Ratnadass et al., 2012).
This biological control strategy applies mainly to controlling
endemic pests, essentially in open fields and perennial crops.
These studies are usually funded by governmental measures as
no economic benefits are expected for private companies. I will
focus on this latter biological control strategy, as it is the most
promising in the context of agro-environmental management.
Furthermore, most predatory mites are food-generalists (able to
feed on several prey and also on plant exudates, pollen, and
fungi) and they are naturally present in agro-ecosystems, both
on crops and adjacent natural vegetation. Such characteristics

make them good candidates for providing ecosystem services
as natural enemies of pest species, resulting in the reduction of
pesticide applications (Prischmann et al., 2006; McMurtry et al.,
2015).

For conservation biological control implementation, an
integrated knowledge of predatory mite biodiversity is required
to determine factors affecting the presence of these natural
enemies in reservoir zones and their dispersal between those
reservoirs and crops. First, the available knowledge on plant
and predatory mite interactions and their dispersal abilities was
reviewed. Then, based on the present occurrence knowledge,
new approaches to forecast predator occurrence on plants are
proposed, assuming that this occurrence is related to plant
traits and potential co-evolutionary relationships between plants
and mites. Finally, examples of the impact of agro-ecosystem
management on predatory mite occurrence are provided for
several scales (i) within the crops, (ii) in the near borders of the
crops and (iii) at a landscape scale.

PLANTS AS RESERVOIR ZONES FOR
PREDATORY MITES

Most predatory mites of the Phytoseiidae family are not
dependent on a given prey species as they are food-generalists
(McMurtry et al., 2013, 2015). However, they are greatly affected
by plant characteristics, especially the phylloplan structure
(Karban et al., 1995). Some authors reported that the phylloplan
(phenotypic characteristics of the leaf surface) features impacted
predatory mite densities more than prey availability (Duso,
1992; Karban et al., 1995; Duso et al., 2004b). McMurtry et al.
(2013) divided the Phytoseiidae family into four main categories
depending on feeding habits: (i) specialized, (ii) selective, (iii)
generalists, and (iv) pollen feeders.

Domatia and leaf hairiness are the most documented
plant features affecting mite behavior and biology. Schmidt
(2014) provided an excellent review of these relationships. The
hypotheses proposed to explain such relations are: (i) escape from
cannibalism and predation, (ii) maintaining favorable conditions
of humidity, especially for egg survival and (iii) pollen retention
and alternative food presence in domatia. However, some
structures are not favorable to predatory mites, i.e., glandular
trichomes of Solanaceae reportedly trap the predators and hinder
their movement. The structures affecting predatory mites are
not totally characterized. A few studies focused for instance
on vein height, presence of nectaries, types of trichomes and
domatia. Prischmann et al. (2005a) hypothesized that old galls
of Eriophyid mites could serve as refugia for predatory mites.
Some authors demonstrated that extrafloral nectaries positively
impacted the development of predatory mites (Walter, 1996;
van Rijn and Tanigoshi, 1999). Weber et al. (2016) showed
that the artificial addition of sugar (imitation of nectaries) on
Vitis riparia and Vitis munsoniana enhanced the densities of
fungivorous mites (some Phytoseiidae and many Tydeiidae), with
an associated negative impact on powdery mildew.

Pollen can also affect predatory mite densities. Some
of them even develop better on pollen than on prey
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(Flechtman and McMutry, 1992). However, a few studies focused
on the relationship between predatory mites and the pollen of the
plants on which these predators occur. Such a relationship was
suggested for citrus (Kennett et al., 1979; Grout and Richards,
1992), avocado (McMurtry and Johnson, 1965; Maoz et al.,
2008; Gonzalez-Fernandez et al., 2009) and grapevine (Duso and
Vettorazzo, 1999). Daud (2003) studied the effect of pollen of
Mabea fistulifera Mart. (Euphorbiaceae) on Euseius citrifolius
Denmark and Muma, the main species found on this plant.
He showed that M. fistulifera pollen was particularly suitable
for E. citrifolius. However, a direct link between predatory mite
species and pollen produced by the plants, where these species
occur, is not totally evident. The pollen of birch is suitable for the
development of Kampimodromus aberrans (Oudemans), whereas
this species was never recorded on this plant (Kasap, 2005).
The pollen of Typha sp. is currently used for rearing various
predatory mites and is sometimes spread in crops to increase
the densities of those predators. However, only few species were
recorded on Typha sp. and the species known to feed on this
pollen, were not reported on this plant (i.e., Amblyseius swirskii
Athias-Henriot, Euseius stipulatus (Athias-Henriot) (Maoz et al.,
2014; Beltra et al,, 2017). Predatory mite densities in vineyards
in Italy, were correlated with the amount of Poaceae pollen
found on vine leaves. This correlation was attributed to the great
quantity of Poaceae in cover crops (Duso et al., 2009). Karban
et al. (1995) assumed to find higher predatory mite densities
on male than on female plants because of pollen production.
However, such a correlation was not observed.

Several studies also showed that plants with hairy leaves
could trap pollen better than those with smooth leaves (i.e.,
Kreiter et al., 2002; Roda et al., 2003; Duso et al., 2004b). Roda
et al. (2003) demonstrated that the hairier the apple leaves
are, the higher the densities of Typhlodromus (Typhlodromus)
pyri Scheuten are, because of a greater pollen and fungal spore
quantity.

Some authors also reported that some predatory mite species
could feed on plants. This was observed for several species, as
T. (T.) pyri, Typhlodromus (Anthoseius) rhenanus (Oudemans),
Euseius finlandicus (Oudemans), K. aberrans, T. aripo, Euseius
scutalis (Athias-Henriot), and Euseius hibisci (Chant) (Chant,
1959; Porres et al., 1975; Kreiter et al., 2002; Magalhdes and
Bakker, 2002; Nomikou et al., 2003; Sengonca et al., 2004; Adar
et al.,, 2012). For this latter species, evidence of plant feeding
behavior was observed on avocado but not on citrus leaves,
suggesting that plant characteristics affect plant-feeding behavior.
Plant tissue might constitute an alternative food and a source
of water but does not allow egg production because of its low
nutritional value (Nomikou et al., 2003). Thus, it is not clear if
those predators would feed on plants when other food sources
exist.

The impact of plant compounds on the relationship between
plants and predatory mites is not well-documented, except for
the impact of VOC (volatile organic compounds) on specialist
feeding predators, that are attracted by the compounds emitted
by plants once attacked by pests (i.e., Van den Boom et al., 2002).
Onzo et al. (2012) showed that cassava cultivars with pubescent
leaves were more attractive to T. aripo than glabrous leaves.

Ferrero et al. (2014) showed that Phytoseiulus longipes Evans was
more attracted to clean tomatoes than clean beans, suggesting
that plant volatile compounds could affect P. longipes behavior.

Relationships between plant and predatory mites are complex;
all factors affecting their occurrence on plants are not known.
There are more than 374,000 plant species (Christenhusz and
Byng, 2016) and 2,400 predatory mite species (Demite et al.,
2018). This huge number of partners clearly suggests complex
and numerous interactions. In a framework of conservation
biological control, knowing which plants are favorable to which
predatory mites is a key step.

HOW TO DETERMINE THE FAVORABLE
PLANTS FOR THE TARGETED
PREDATORY MITE SPECIES?

Information on the occurrence of the predatory mite species on
plants is available from several publications related to faunistic
surveys. The challenge is to retrieve, compile and analyse this
information to determine (i) which predator species are present
in crops and (ii) the probability of finding these species on
non-crop plants.

Tixier et al. (data not publicly available) compiled this
information from 1,959 publications, in a database containing
30,684 reports worldwide, of the 2,400 Phytoseiidae species,
on 4,900 plant species in 228 countries. This database allows
determining the predatory mite species reported for each plant
and locality. As an example of the information extracted from the
database, Table 1 shows the predatory mite species encountered
all over the world on Convolvulus arvensis L., a common
weed species. Twenty-five species belonging to 11 genera were
recorded. Among them, 16 were reported once. The two species
most frequently observed were P. persimilis and Typhlodromus
(Typhlodromus) athiasae Porath and Swirski.

The objectives here are to use the information contained in
this database to determine/forecast the probability of occurrence
of predatory mite species in crops and in non-crop plants. Three
approaches are proposed.

First, information will be analyzed to determine how the
present predatory mite distribution could help to determine the
species most likely to be found on two crops (vine and citrus)
in different areas of the world. Then, for the most frequent
predatory mite species, the non-crop plants more likely to host
them will be investigated.

Second, because plant traits affect predatory mite diversity, an
analysis of their occurrence in relation to some plant traits will be
provided to determine how plant features can be indicators of the
presence of some key predatory mite species.

Finally, because relationships between plants and predatory
mites might have an evolutionary basis, an analysis of
phylogenetic relationships of plants and associated predatory
mite diversity will be provided to determine how plant family or
genera could be used to forecast the predator species occurrence.

The common limit for these three approaches is that
the densities of predatory mites are not always recorded in
publications. Furthermore, the sampling methods and the way
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TABLE 1 | Species of predatory mites (Acari: Phytoseiidae) and number of reports
on Convolvulus arvensis L. around the world.

Genus Species Number of reports
Amblyseius andersoni 1
largoensis 2
meridionalis 1
swirskii 1
Euseius stipulatus 3
Galendromimus (Nothoseius) borinquensis 1
Galendromus (Galendromus) occidentalis 1
Phytoseiulus macropilis 1
persimilis 6
Neoseiulus californicus 2
comitatus 1
conterminus 1
fallacis 1
herbarius 1
longilaterus 1
umbraticus 1
setulus 1
Phytoseius plumifer 3
Proprioseiopsis messor 2
rotundus 1
Typhlodromips sessor 1
Typhlodromus (Anthoseius) recki 3
kerkirare 1
Typhlodromus (Typhlodromus) athiasae 4
pyri 2

Data are issued from the own author database: occurrence of predatory mite species and
their associated number of records all over the world (unpublished data).

to report the results differ. We thus have to assume that the most
frequently recorded species are also those found in the highest
densities (which is not always the case, see below). The objective
here is to propose new ways to investigate the relationships
between plants and predatory mite species with an applied
objective of conservation biological control: how to manage the
plant biodiversity within the agro-ecosystems? This paper thus
aims to propose the first baseline for further and deeper analyses.
For this, I focused on two crops, vine and citrus (two perennial
crops where augmentative biological control is poorly applied)
and on generalist predators (Types III and IV) because they
might be the most adapted to such a biological control strategy
(perennial presence in agro-ecosystems and difficulty to rear the
predatory mites for mass-releasing).

Assessing Predatory Mite Diversity Based
on Recorded Fauna

Predatory Mites in Crops

Using the database cited before, the examples of two crops, Citrus
sp. and Vitis vinifera, were studied.

Citrus Trees
Two hundred and ninety-seven predatory mite species belonging
to 38 genera were found in 78 countries (1,231 records in total).

On hundred and thirty-five species were recorded once and could
be assumed to not play a key role in biological control. The
same applies for 134 additional species reported between 2 and
9 times. Thus, among the 297 species, only 28 were found more
than 10 times, corresponding to 594 reports in 57 countries
(Table 2). The two most frequent species were E. stipulatus and
Amblyseius largoensis (Muma). E. stipulatus prevailed in the
Palearctic region along with Iphiseius degenerans (Berlese), T. (T.)
athiasae, A. swirskii, and E. scutalis. In the Neotropical region,
the two most frequent species were Euseius concordis (Chant) and
Iphiseiodes zuluagai Denmark & Muma, whereas Amblydromalus
limonicus (Garman & McGregor) and Typhlodromalus peregrinus
(Muma) were prevalent in the Nearctic citrus fauna region. In
the Oriental region, A. largoensis prevailed (20 reports) followed
by Neoseiulus californicus (McGregor) and Chanteius contiguus
(Chant). General conclusions for the Ethiopian and Australasian
regions cannot be drawn because of the low number of records on
citrus in these two regions. The analysis of this database therefore
provides the probability to find predatory mite species in some
world regions. As a consequence, because of the high probability
to find E. stipulatus in Europe, crop management would aim
to favor this species. More accurate information can also be
extracted for countries or for more limited areas, depending on
the number of existing reports (to ensure correct forecasting).

Vineyards

One hundred and sixty-seven predatory mite species belonging
to 31 genera were found in 40 countries all around the world
(558 records in total). Eighty-eight species were recorded once
and could be assumed to not play a key role in biological
control. The same applies for 69 additional species retrieved
<10 times (Table 2). Among the 167 predatory mites, only ten
were reported more than 10 times. The four most frequent
species were T. (T.) pyri, E. finlandicus, Amblyseius andersoni
(Chant), and K. aberrans. These ten species essentially occurred
in the Palearctic region, certainly because this region was the
most sampled. In the other regions, because of a low number
of surveys, it is difficult to forecast predatory mite species
occurrence. Furthermore, the present analysis focused on large
geographical zones. Yet, fauna diversity depends on the country
and more limited geographic zones (Prischmann et al., 2002). In
European vineyards, Tixier et al. (2013) showed that only five
species were frequently observed (K. aberrans, T. (T.) pyri, T.
(T.) exhilaratus, E. finlandicus, and Phytoseius finitimus Ribaga)
and that their occurrence differed depending on countries and
agricultural practices. For instance, the main species occurring in
vineyards in the South of France was K. aberrans whereas T. (T.)
pyri prevailed in vineyards in the North of France (Kreiter et al.,
2000).

Predatory Mites on Non-crop Plants

The database can help in determining which of the non-
crop plants reported the most frequent predatory mite species.
Considering the previous examples and focusing mainly on the
Palearctic region, the predatory species to be favored would be
E. stipulatus in citrus orchards and K. aberrans and T. (T.) pyri in
vineyards.
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TABLE 2 | The 28 and 10 most frequently reported predatory mite species on Citrus sp. and Vitis vinifera, respectively, and their number of reports in the six

biogeographic regions.

Australasian Ethiopian Nearctic Oriental Palearctic Neotropical Total

Citrus sp.

Amblydromalus limonicus 1 21 1 23
Amblyseiella setosa 12 12
Amblyseius aerialis 8 9 17
Amblyseius andersoni 21 21
Amblyseius herbicolus 1 2 5 20
Amblyseius largoensis 2 2 20 10 42
Amblyseius swirskii 22 22
Amblyseius tamatavensis 2 5 11
Chanteius contiguus 10 10
Euseius concordis 1 23 24
Euseius hibisci 9 1 2 12
Euseius scutalis 22 22
Euseius stipulatus 88 88
Iphiseius degenerans 6 28 34
Iphiseiodes quadripilis 1 10 5 16
Iphiseiodes zuluagai 15 15
Galendromus floridanus 1 1 2 14
Neoseiulus barkeri 1 1 9 1 14
Neoseiulus californicus 10 13 1 24
Paraseiulus talbii 18 18
Phytoseiulus persimilis 1 20 21
Phytoseiulus macropilis 1 5 11
Typhlodromalus peregrinus 1 14 15
Typhlodromus (Anthoseius) cryptus 15 15
Typhlodromus (Anthoseius) rhenanoides 13 13
Typhlodromus (Anthoseius) transvaalensis 2 2 2 2 1 2 11
Typhlodromus (Typhlodromus) athiasae 31 31
Typhlodromus (Typhlodromus) phialatus 18 18
Vitis vinifera

Amblyseius andersoni 24 24
Euseius finlandicus 1 29 30
Euseius stipulatus 11 11
Kampimodromus aberrans 21 21
Neoseiulus californicus 1 5 12 18
Paraseiulus talbii 10 10
Phytoseius finitimus 15 15
Typhlodromus (Anthoseius) recki 13 13
Typhlodromus (Typhlodromus) exhilaratus 15 15
Typhlodromus (Typhlodromus) pyri 2 2 1 53 58

Data are issued from the own author database: occurrence of predatory mite species and their associated number of records all over the world (unpublished data).

Euseius Stipulatus

Euseius stipulatus was reported on 131 plant species belonging to
102 genera and 54 families (339 reports). Among the 131 plant
species, 35 are crops (171 records, 17 genera and 12 families).
This species was reported 96 times on non-crop plants belonging
to 83 genera and 47 families. The number of reports by plant
species was usually low. The highest number of reports was
observed on Ficus carica L. (8) and to a lesser extent on species

of the genera Rubus, Clematis, Malva, Crataegus, Eriobotrya,
Prunus, Quercus, Rosa, and Urtica (Table 3).

Kampimodromus Aberrans

Kampimodromus aberrans was reported on 166 plant species
belonging to 109 genera and 52 families (289 reports). Among the
166 plant species, 35 were crops (200 records, 19 genera, and 12
families). K. aberrans was reported 133 times on non-crop plants
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TABLE 3 | Number of reports (and occurrence frequency in %) of Euseius
stipulatus, Typhlodromus (Typhlodromus) pyri and Kampimodromus aberrans on

TABLE 3 | Continued

genera and families of non-crop plants, wordwide. E. stipulatus T.(T.)pyri K. aberrans
E. stipulatus T.(T)pyri K. aberrans Plant family Plant genus Number of Number of Number of
reports reports reports
Plant family Plant genus Number of Number of Number of
reports reports reports Cornaceae Comus (1.80) 9 (2.59) 5 (2.50)
Betulaceae Cary/us 2 (1.20) 14 (4.03) 20 (10.00)
Pinaceas Abies 8(0.86) Rosaceae Crataegus 4 4(1.15) 2 (1.00)
Euphorbiaceae Acalypha 2(1.20) Compositae Crepis 1 (0.29)
Sapindaceae Acer (0.60) 11 (3.17) 10 (5.00) Taxodiaceae Cryptomerio 2(0.58)
Compositae Achillea 10029 Cupressaceae Cupressus 2 (1.20) 1(0.50)
Campanulaceae  Adenaphora 1(0.50) Leguminosae Cytisus 2 (1.20) 2(0.58)
Apiaceae Aegopodium 1(0.29) Poaceae Dactylis 1(0.50)
Sapindaceae Aesculus 5(1.44) (0.50) Compositae Dahiia 1(0.50)
Rosaceae Agrimonia 4(1.19) (1.00) Thymelacaceae  Daphne 2 (1.20) 2(0.58)
Amaranthaceae  Amaranthus 3(1.80) Solanaceae Datura 1 (0.60)
Leguminosae Amorpho 1 1(0.50) Sterculiaceae Dombeya 1(0.60)
Betutaceae Alnus 5(1.44) Boraginaceae Echium 2 (1.20) .15) 1(0.50)
Malvaceae Althaea 1(0.29 Ericaceae Erica (0.29) 1(0.50)
Apiaceae Anthriscus 100.29) Rosaceae Eriobotrya 4 (2.40) 3(1.50)
Apiaceae Apium 1(0.50) Myrtaceae Eucalyptus 1.20)
Araliaceae Aralia 1(0.50) Compositae Eupotorio (0.29)
Araucariaceae  Araucario 1(0.50) Euphorbiaceae  Euphorbia 4(1.15) 2 (1.00)
Ericaceae Arbutus 2 (1.20) Celastraceae Evonymus 1(0.60)
Composilae Artemisia 2(0.58) Fagaceae Fagus 4(1.15)
Poaceae Arundo 2 (1.20) Moraceae Ficus 8 (4.80) 3(0.86) 5 (2.50)
Asparagaceae  Asparagus 2(1.20) 1(0.50) Apiaceae Foeniculum 1(0.29)
Betulaceae Betula 1(0.29 Oleaceae Fraxinus (1.80) 6(1.73) 5 (2.50)
Compositae Bidens 1(0.60) Araliaceae Hedera 0.60)
Boraginaceae Baraga 2(1.20) 2(0.58) 1(0.50) Rubiaceae Galium 2(0.58)
Nyctaginaceae Bougainvillea 1(0.60) Leguminosae Genista 1(0.29)
Boraginaceae Bourreria 1 (0.60) 1(0.50) Geraniaceae Geranium 2(0.58) 1(0.50)
Cucurbitaceae  Bryonia 2(1.20) 2(0.58) 1(0.50) Compositae Gerbera 1(0.50)
Buxaceae Buxus 4(1.19) 1(0.50) Iridaceae Gladiolus 1(0.50)
Lamiaceae Calamintha 1(0.50) Araliaceae Hedera (0.86) 1(0.50)
Theaceae Camellia 1(0.50) Apiaceae Heracleumn (0.29)
Betulaceae Carpinus 5(1.44) 1(0.50) Malvaceae Hibiscus 1(0.60)
Compositae Carthamus (0.60) Poaceae Hole us 1 (0.60) 1(0.29)
Fagaceae Castanea (0.60) 1(0.29) 2 (1.00) Rosaceae Holodiscus 1(0.50)
Bignoniaceae Catalpa 1(0.50) Poaceae Hordeum 1 (0.60)
Cannabaceae Celtis 3(0.86) 7(3.50) Cannabaceae Humulus 5 (1.44) 1(0.50)
Leguminosae Ceratonio 1(0.50) Hypericaceae Hypericum 2 (1.20) 2(0.58)
Cupressaceae Chamaecyparis 2(0.58) Compositae Inula 1(0.50)
Amaranthaceae ~ Chenopodium 1(0.60) Oleaceae Jasminum 1 (0.60)
Compositae Chrysanthemum 1(0.60) Juglandaceae Juglans 6 (1.73) (2.00)
Compositae Cichorium 1(0.60) Cupressaceae Juniperus 6(1.73) 0.50)
Compositae Cirsium 1(0.60) Pinaceae Larix 1(0.29)
Cistaceae Cistus 5(1.44) 5 (2.50) Lauraceae Laurus 1(0.60)
Verbenaceae Citharexylum 1(0.60) Magnoliaceae Liriodendron 1(0.29)
Ranunculaceae  Clematis (4.20) 8(2.31) 3(1.50) Caprifoliaceae Lonicera 2 (1.20) 6(1.73) 2 (1.00)
lamiaceae Clinopodium 1(0.29) Leguminosae Lotus 2(0.58)
Convolvulaceae  Convolvulus (1.80) 2(0.58) Brassicaceae Lunaria 1(0.29)
Compositae Conyzo (0.60) 2(0.58) 1(0.50) Caryophyllidae Lychnis (1.20) 2(0.58)
Coriariaceae Coriaria 1(0.50) Malvaceae Malva 3.59) 1(0.50)
(Continued) (Continued)
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TABLE 3 | Continued

TABLE 3 | Continued

E. stipulatus T. (T.) pyri K. aberrans E. stipulatus T. (T.) pyri K. aberrans
Plant family Plant genus Number of Number of Number of Plant family Plant genus Number of Number of Number of
reports reports reports reports reports reports
leguminosae Medlicago 1(0.29) Caprifoliaceae Sixolix 1(0.29)
Meliaceae Melia 1(0.50) Smilacaceae Smilax 2 (1.20)
Leguminosae Melilotus 2(0.58) Solanaceae Solanum 3(1.80) 1(0.29)
Lamiaceae Mentha 1(0.29) 1(0.50) Compositae Sonchus 1 (0.60) 1(0.29)
Euphorbiaceae Mercurialis 2 (1.20) Leguminosae Sophora 1 (0.60)
Rosaceae Mespilus 1(0.29) 1(0.50) Rosaceae Serbus 9 (2.59) 3 (1.50)
Leguminosae Mimosa (1.20) Asparagaceae Spathodea 1(0.60)
Moraceae Morus (0.60) 1(0.50) Oleaceae Syringa 2 (0.58)
Boraginaceae Myosoti 1(0.29) Compositae Taraxacum 1(0.60)
Myrtaceae Myrtus (1.20) Taxodiaceae Taxodium 1(0.29)
Apocynaceae Nerium (0.60) Taxaceae Taxus 4(1.15) 1(0.50)
Santalaceae Osyris 1(0.50) Lamiaceae Teucrium 1(0.29) 1(0.50)
Apiaceae Pastinaca 1(0.29) Cupressaceae Thuja 4(1.15) 1(0.50)
Lauraceae Persea .29) Malvaceae Tilia 10 (2.88) 5(2.50)
Arecaceae Phoenix 2(1.20) Apiaceae Tori/is 2(1.20)
Pinaceae Picea 7 (2.02) leguminosae Trifolium 1(0.60) 1(0.29)
Compositae Picris 1(0.60) 1(0.29) 1(0.50) Poaceae Triticum 1(0.60)
Pinaceae Pinus 1(0.60) 6(1.73) Pinaceae Tsugo 4(1.15) 1(1.50)
Anacardiaceae Pistacia 2 (1.20) 3(0.86) 1(0.50) Ulmaceae Ulmus 2 (1.20) 15 (4.32) 8 (4.00)
Pittosporaceae Pittosporum 1(0.60) Compositae Urospermum 1(0.50)
Plantaginaceae Plantago 1(0.60) Urticaceae Urtica 4 (2.40)
Platanaceae Platanus (3.00) Ericaceae Vaccinium 4(1.15)
Lamiaceae Phlomis (0.50) Scrophulariaceae  Verboscum 2(0.58)
Dryopleridaceae  Polystichum (0.29) Adoxaceae Viburnum 2(0.58)
Salicaceae Populus 1(0.29) 3(1.50) Apocynaceae Vincetoxicurr (1.80) 8(2.31) 5 (2.50)
Lamiaceae Prunella 1(1.50) Caprifoliaceae Weigela 2 (1.20) 1(0.29)
Rosaceae Prunus 4 (2.40) 4(2.00) Leguminosae Wisteria 1(0.29) 1 (0.50)
Rosaceae Pseudocydonia 1(0.50) Compositae Xanthium 1(0.60) 1(0.50)
Pinaceae Pseudotsuga (0.58)
Preridaceae Preris 29) Datg are isgued from the own author database: occurrence of predatory mite species and
their associated number of records all over the world (unpublished data).
Boraginaceae Pulmonaria 1(0.50)
Rosaceae Pyrocantho 2(0.58)
Fagaceae Quercus 4(2.40) 19 (5.48) 17 (8.50)
Ranunculacea Banunculus 1(050) belonging to 86 genera and 45 families. The highest number of
Rhamnaceae Bhamnus 3(0.86) reports were observed on Corylus avellana L. (14 reports) and
Anacardiaceas  Rhus (1.00) on plants of the genera Quercus, Acer, Celtis, Rubus and Ulmus
Grossulariaceae  Ribes 10(2.88) (0.50) (Table 3).
Euphorbiaceae Ricinus 3(1.80) 3(0.86)
Rosaceae Rosa 4(2.40) 2(0.58) 1(0.50) Typhlodromus (Typhlodromus) pyri
Rublaceas Rubia 2(1.20) 2 (0.58) 1(0.50) Typhlodromus (Typhlodromus) pyri was reported on 197 plant
Rosaceae Rubus 7(4.19) 22 (6.34) 7 3.50) species belonging to 112 genera and 53 families (532 reports).
Polygonaceae Bumex 1(0.60) Among the 197 plant species, 28 were crops (347 records, 12
Asparagaceae  Ruscus 1(0.60) 1(0.50) genera, and 7 families). This species was recorded 168 times
Salicaceas Salix 3(1.80) 6(1.73) 1(0.50) on non-crop plants (100 genera and 50 families). The highest
Lamiaceae Sali 110,50 number of reports was observed on plants of the genera Rubus,
Adoxaceae Sambucus 3(1.80) 0.58) 3 (1.50) Quercus, and to a lesser extent Acer, Corylus, Ribes, Tilia, and
Scrophulariaceae  Scrophularia 1(0.60) 29) Ulmus (Table 3).
Asparagaceae Semelo 10.60) Plants favorable to E. stipulc?tus are different to those favorable
Garyophylaceae  Siene 1029 1050 to K. aberrans and T. (T.) pyri, whereas plants, where these two
latter species are the most often recorded, are quite similar (i.e.,
(Continued) Ulmus sp., Acer sp., Rubus sp., Quercus sp., Corylus sp.). In an
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applied point of view, these data indicate that a similar/close
agro-ecosystem management can favor both K. aberrans and T.
(T.) pyri.

The use of the database allows forecasting some trends on the
biodiversity assembling on crops and non-crop plants. However,
some limits exist. Predatory mite biodiversity, even if greatly
affected by plant characteristics, can also depend on other factors,
especially agricultural practices. For instance, surveys carried out
in apple orchards in France in 2012 showed that (i) three species
prevailed [A. andersoni, T. (T.) pyri, and K. aberrans] and (i)
fauna modification occurred as the main species reported 10
years ago, N. californicus, was hardly found in 2012 (Tixier et al,,
2014). Fauna in crops can thus change over time, depending on
cultural practices, especially pesticide application (Prischmann
et al,, 2005¢). Another factor affecting predatory mite diversity
is local climatic conditions. One such illustration is the different
fauna on trees of Celtis australis L. planted 1km apart, on dry
soil or near a river (Tixier et al., 2005a, 2007). The main species
found in the former condition was T. (T.) phialatus whereas
the main species found in the latter condition was K. aberrans.
Another limit is that the approach proposed herein is based
on the frequency of predatory mite species but not on their
abundance. The same weight is given to species found in high
densities as to those found in low quantities. As stated before,
information on abundance is not always provided in publications
and sampling techniques differ depending on the surveys; thus
this information is difficult to retrieve and compare. Finally,
for forecasting approaches, the number of reports should be
high enough. The examples studied before on the distribution
of E. stipulatus, K. aberrans, and T. (T.) pyri, showed that it
was impossible to provide the probability of occurrence in some
areas because of the low number of reports. Clearly, information
on predatory mite distribution is lacking, which makes the
determination of an occurrence probability difficult.

A modeling approach, to determine a priori favorable plants,
based on (i) plant traits, (ii) predatory mite traits, or (iii) taxa, will
be therefore proposed in the following paragraphs.

Relationships Between Predatory Mites and Plant
Traits for Forecasting Predator Distribution

This approach consists of determining how predatory mite
occurrence can be explained by morphological plant and
predator traits. For instance, the number of trichomes on leaves
(>217 vs. < 217 trichomes/cm?) and the domatia structure
(close vs. open) were a key feature discriminating between
favorable and unfavorable plants to K. aberrans (Kreiter et al.,
2002). Additionally, the main factors explaining high densities
of K. aberrans on 11 trees were domatia numbers of the
primary axil, domatia structure on the first and secondary
veins and trichome densities on the primary vein (Tixier et al.,
2005b). Similarly, there was a positive relationship between
Typhlodromus (Anthoseius) caudiglans Schuster densities and
vine leaf characteristics (density of vein hairs, bristles in leaf axils,
and presence of leaf domatia) (Karban et al., 1995). Kreiter et al.
(2002) proposed a correlation between trichome densities and
predatory mite size.

The examples studied previously on citrus and vineyards
showed that predatory mite species encountered on these two
crops differ. As some authors (Kreiter et al., 2002) showed that
phylloplan hairiness “select” predatory mite species based on
their size (smaller predators on plants on hairy leaves and bigger
predators on plants with glabrous leaves), we herein investigated
how the species found on citrus and V. vinifera differ in body
length. The female body length of the 297 and 167 species found
on citrus and vine, respectively, was retrieved from original
description and/or re-descriptions (data used by Tixier et al.,
2012). The weighted mean of the body length of species recorded
on citrus was 347.59 pm whereas that of species recorded on
vine was 334.69 pm. The same trend was observed when only
the main species found on these two crops were considered
(28 species on citrus, 10 on vine). The weighted mean of the
body length of the 28 predatory mite species reported on citrus
was 342.6 um whereas that of the 10 species mainly retrieved
on vine was 322.15 um. The relation between the frequency of
the number of species and records according to body length
range, also showed that species found on vine are usually smaller
than those observed on citrus (Figures 1A,B). These trends can
be associated to phylloplan hairiness, with a smooth surface
being more favorable to bigger mites (Kreiter et al., 2002). For a
prediction approach, species with a body length <330 um might
be more frequent on V. vinifera and those with a body length
more than 330 pm might be more abundant on citrus. However,
this result is only a trend, abundance of each species would
certainly improve this forecasting.

E. stipulatus, K. aberrans, and T. (T.) pyri were not reported
on the same plant species. To determine how this distribution
is associated to plant features, the non-crop plants where these
species were reported were classified as follows: (i) low plants
(herbaceous plants), (i) medium high plant (shrubs) and high
plants (trees). E. stipulatus was mainly recorded on herbaceous
plants (41.9%) whereas T. (T.) pyri and K. aberrans were mainly
reported on trees (36.8 and 56%, respectively) (Figure 2). These
are only trends and clearly, information on densities would
certainly allow for a more accurate determination of the non-
crop plants favorable to K. aberrans, T. (T.) pyri, or E. stipulatus.
However, based on these first trends, it seems that arboreal plants
would be favorable to T. (T.) pyri and K. aberrans whereas grass
would rather favor E. stipulatus. This information can be used
for agro-ecosystem management: weed management might more
affect the occurrence of E. stipulatus than that of the two other
species.

To further expand the study of the interaction between plant
and predatory mite traits, more information is clearly needed.
Collaboration with botanists and plant ecologists would allow
more plant traits to be included, as public databases on plant
characteristics are rare. Weber et al. (2015) published a database
containing the number of species and genera with extrafloral
nectaries (EFNs) for each plant family. These structures positively
affect predatory mite in providing alternative food (Walter,
1996; van Rijn and Tanigoshi, 1999; Mayuko and Yano,
2008). From my own database, the number of predatory mite
species and the number of their reports per plant family
were compiled, to investigate a potential link between EFNs
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FIGURE 1 | (A) Percentage of the numbers of reports of predatory mites and
(B) percentage of the number of species of predatory mites reported on Citrus
sp. and Vitis vinifera according to the their body length (range in wm). Data are
issued from two own author databases: (i) occurrence of predatory mite
species and their associated number of records all over the world (unpublished
data), (i) body lengths of the predatory mite species are issued from original
descriptions and the data were those used in Tixier et al. (2012).

and predator occurrence. Few plant species were reported to
harbor EFNs (4,017 plant species in 119 families) (http://www.
extrafloralnectaries.org/the-list.html). The number of predatory
mite reports on these 119 families is 17,899. No correlation
was observed between the number of plants with EFNs in
each plant family and the number of predatory mite species,
nor with the number of predatory mite reports (Tables 4, 5).
The correlation tests between the number of plant genera with
EFNs, the % of species and genera with EFNs in each plant
family and the number of predatory mite reports and species,
were not significant either (Table 4). All the plants of a family
where predatory mites were reported do not harbor EFNs, which
can explain why these simple and global correlations were not
significant (information compared was not sufficiently accurate).
Furthermore, the biology of predatory mites differ according to
species and genera considered. Additional studies considering
the predatory mite species associated to plants with EFNs could

thus be interesting. Finally, Weber et al. (2012, 2015) stated that
the number of unreported cases of plants with EFNs might be
as high as the number of species already reported, suggesting
an incomplete knowledge of these plant traits. The correlations
between the number of plant genera with EFNs and the number
of plant genera hosting predatory mites, was also tested. The R?-
value (0.35) seems to show that there is a relationship between
the plants where predatory mites were reported and EFNs’
occurrence. However, the correlation coefficient between the
number of genera where predatory mites were found and the total
number of genera per plant family was much higher (R? = 0.64),
suggesting that the more genera a family contains (diverse at
genus level) the higher the probability to find predatory mite
species is (Table 4). To more accurately determine how predatory
mite occurrence is associated to EFNS’ presence, I focused on
the Adoxaceae family where two genera among four, contain
EFNs: Sambucus and Viburnum (Table 6). Predatory mites were
only reported on these two genera. On the seven Sambucus
species where predatory mites were observed, four harbored
EFNs (37 predatory mite records, 21 species). On the three
Sambucus species without EFN, only a few numbers of records
and predatory mite species were observed (3 reports, 3 species).
Finally, on six Sambucus species with EFNs, no predatory mite
was reported. On the 12 Viburnum species where predatory mites
were observed, four harbor EFNs (17 records, 16 species). On
the 8 Viburnum species without EFN, much more reports and
predatory mite species were recorded (35 reports, 22 species).
On 14 Viburnum species with EFNs, no predatory mite was
reported. As noted in the previous global analyses, no clear
association between EFNs and predatory mite occurrence was
observed. However, some cues can be noted (i) EFNs were only
present on the genera Sambucus and Viburnum within the family
Adoxaceae, and predatory mites were only reported on these two
genera as well, (ii) for the genus Sambucus more predatory mite
species and reports were observed on plant species with EFNs.
As no direct association between EFNs and predatory mite was
observed, this seems to show that even if EFNs are favorable
to predatory mites, other factors might explain their abundance
and diversity on plants. Finally, I analyzed the occurrence of the
three species previously studied [E. stipulatus, K. aberrans, and T.
(T.) pyri] on the families with EFNs. On the 54 families where
E. stipulatus was reported (339 records), 29 families contained
plants with EFNs (136 records). On the 53 families where T. (T.)
pyriwas recorded (532 records), 18 families contained plants with
EFNs (201 records). Finally, on the 52 families where K. aberrans
was reported (289 records), 25 families contained plants with
EFNs (126 records). Again, no clear association with these species
and plants with or without EFNs was observed. Incomplete
records of predatory mites, as well as lack of accurate information
on plants traits can explain such results.

Evolutionary Relationships Between Plants and
Predatory Mites

The hypotheses are that (i) plants and predatory mites have a
common evolutionary history and (ii) a relationship between
plant and predatory mite phylogeny exists. This hypothesis,
assuming that plant traits affecting predatory mites are not
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FIGURE 2 | Percentage of the number of reports of Euseius stipulatus, Kampimodromus aberrans, and Typhlodromus (Typhlodromus) pyri recorded on herbaceous,
shrubs and arboreal plants. Data are issued from the own author database: occurrence of predatory mite species and their associated number of records all over the
world (unpublished data).

TABLE 4 | Correlation coefficients between several variables concerning (i) the plants with extrafloral nectaries (EFNs) (number and percentage of plant species per family
with EFNs, number and percentage of plant genera per family with EFNs, total number of plant genera per family, total number of plant genera per family with EFNs,
number of plant genera per family where predatory mites were reported) and (i) the number of predatory mite species (Phytoseiidae) and reports per plant family.

Variables compared R2
Number of plant species/family with EFNs vs. Number of Phytoseiidae reports/plant family 0.023
Number of plant species/family with EFNs vs. Number of Phytoseiidae species/plant family 0.033
Number of plant genera/family with EFNs vs. Number of Phytoseiidae reports/plant family 0.046
Number of plant genera/family with EFNs vs. Number of Phytoseiidae species/plant family 0.06
Percentage of species with EFNs/family vs. Number of Phytoseiidae reports/plant family 0.009
Percentage of genera with EFNs/family vs. Number of Phytoseiidae reports/plant family 0.034
Number of plant genera/family with EFNs vs. Number of plant genera/family with Phytoseiidae records 0.35
Total number of plant genera/family vs. Number of plant genera/family with Phytoseiidae records 0.65

Data are issued from two databases: (i) the own author database on the occurrence of predatory mite species and their associated number of records per plant all over the world
(unpublished data) and (i) a world public database including the list of plant species with EFNs (http://www.extrafloralnectaries.org/the-list.htmi).

convergent characters, has not been totally tested yet. Karban  elements to assess the relationship between plant and predatory
et al. (1995) showed no effect of phylogenetic relationships of = mites.

grape species on predatory mite densities. This latter study As a first step of such a large future study, and considering
focused on densities and not on predatory mite diversity. No  only E. stipulatus, K. aberrans, and T. (T.) pyri, I investigated
study to my knowledge investigated the relationship between  the evolutionary relationships between the plant genera/family
plant phylogeny and predatory mite taxa. Weber et al. (2016)  where these three predatory mite species were mainly observed.
showed that 61% of the 87 plant families containing species  Euseius sipulatus was the main species reported from Citrus
with domatia were also reported to have species with EFNs,  sp. (family Rutaceae, superior taxa: Sapindales). Concerning
and that the two traits occurred non-randomly in the same  non-crop plants, E. stipulatus was mainly reported on six
clades across Eudicots. Weber et al. (2012), focusing on  plant families (Rosaceae, Moraceae, Urticaceae, Malvaceae,
the genus Viburnum, revealed an EFNs and mite domatia =~ Ranunculaceae, Fagaceae) belonging to four superior taxa
co-occurrence and that these two traits were evolutionarily =~ (Rosales, Malvales, Papaverales, Fagales) (Figure3A). No
correlated. One can thus wonder how this plant evolution  taxonomic relationship was noted between Rutaceae and the
(and relationships) can affect the predatory mite diversity.  other families where this species was mainly found. This can be
Weber et al. (2012) showed an additive effect of habitat  explained by the fact that agricultural practices affect predatory
(domatia) and food (EFNs) on mite abundance (especially tydeid ~ mite occurrence more than the phylogenetic relations between
mites but also to a lesser extent Phytoseiidae). Accessing the  plants and predators (i.e., Prischmann et al., 2005b). Considering
database used by plant evolution/ecology specialists and cross-  non-crop plants, no clear phylogenetic relationship was observed
checking data on predatory mite occurrence, might provide  between the different families and superior taxa when this species

Frontiers in Ecology and Evolution | www.frontiersin.org 10 December 2018 | Volume 6 | Article 192


http://www.extrafloralnectaries.org/the-list.html
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Tixier

Phytoseiidae and Agrosystem Services

TABLE 5 | Four categories of plant families with EFNs established according to the number of reports of predatory mites (Phytoseiidae) recorded on them.

Number of Phytoseiidae Number of plant  Families

Min-Max of the number

Number of plant with

% plant species with

reports/family families with EFN of Phytoseiidae EFN per family: mean EFN per family
species/family (min-max) (min-max)

Plant family with more than 6 Asteraceae, Euphorbiaceae, 233-335 90 (16-369) 0.2-6.4%
1000 Phytoseidae reports Poaceae, Rosaceae, Rutaceae,

Solanaceae
Plant family with between 3 Fagaceae, Malvaceae, Vitaceae 204-346 106 (2-308) 0.3-7.9%
500 and 1,000 Phytoseidae
reports.
Plant family with between 22 Adoxaceae, Amaranthaceae, 59-217 31 (1-267) 0.00-33.4%
100 and 500 Phytoseidae Anacardiaceae, Annonaceae,
reports Apocynaceae, Bignoniaceae

Boraginaceae, Combretaceae,

Concolvulaceae, Cucurbitaceae,

Ericaceae, Lamiaceae,

Meliaceae, Moraceae,

Musaceae, Myrtaceae,

Oleaceae, Rhamnaceae,

Rubiaceae, Salicaceae,

Sapindaceae, Verbenacaeae
Plant family with less than 87 see Supplementary File 1 0-62 28 (1-920) 0-100%

100 records

Min-Max of the number
of Phytoseiidae
species/family

Categories of plant families with EFNs Number of Phytoseiidae

reports/family

Number of plant species
with EFNs per family:
mean (min-max)

% plant species with
EFNs per plant family
(min-max)

Six families: Asteraceae, Euphorbiaceae,
Poaceae, Rosaceae, Rutaceae,
Solanaceae

More than 1,000

Three families: Fagaceae, Malvaceae,
Vita

22 families: Adoxaceae, Amaranthaceae,
Anacardiaceae, Annonaceae,
Apocynaceae, Bignoniaceae
Boraginaceae, Combretaceae,
Concolvulaceae, Cucurbitaceae,
Ericaceae, Lamiaceae, Meliaceae,
Moraceae, Musaceae, Myrtaceae,
Oleaceae, Rhamnaceae, Rubiaceae,
Salicaceae, Sapindaceae, Verbenacaeae

Between 500 and 1,000

Between 100 and 500

87 families: see Supplementary File1 <100

233-335 90 (16-369) 0.2-6.4%

204-346 106 (2-308) 0.3-7.9%

59-217 31 (1-267) 0.00-33.4%

0-62 28 (1-920) 0-100%

The table also reports the minimal and maximal number of predatory mite species per family and the mean number (min-max) and percentage (min-max) of plant species with extrafloral
nectaries (EFNs) for each family. Data are issued from two databases: (i) the own author database on the occurrence of predatory mite species and their associated number of records
per plant all over the world (unpublished data) and (i) a world public database including the list of plant species with EFNs (http://www.extrafloralnectaries.org/the-list.htmi).

was mainly reported. Rosales and Fagales belong to Eurosids
I, Malvales belong to Eurosids II whereas Ranunculales does
not belong to Eu-Rosids. K. aberrans and T. (T.) pyri were the
main species reported on V. vinifera in Europe (family Vitaceae,
superior taxa: Vitales). No direct phylogenetic relationship
between Vitales and the other plant taxa where these two
species were reported were observed (Figures 3B,C). The same
conclusions can thus be drawn: agricultural practices mostly
affect predatory mite distribution comparing to evolutionary
relationships between plants and predatory mites. Considering
non-crop plants, K. aberrans mainly occurred on Rosales and
Fagales. These taxa are included in the same clade; however,
K. aberrans was also reported on Proteales and Sapindales and

these two taxa belong to different lineages. The same conclusions
can also be drawn for T. (T.) pyri, mainly reported from Rosales
and Fagales on one hand and from two close taxa Malvales
and Sapindales on the other hand. Finally, these results show
that the three predatory mite species were mainly reported on
Rosales and then on Fagales for K. aberrans and T. (T.) pyri and
on Papaverales for E. stipulatus. As these three predatory mite
species belong to different genera and sub-families, no clear
phylogenetic relationships between plant and predatory mite
evolution can be concluded.

Focusing on the 15 species included in the genus
Kampimodromus, 1 investigated if species of a same genus
are reported on phylogenetically related plant taxa. Table 7
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A Euseius stipulatus
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Proteales Ranunculales
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B Kampimodromus aberrans
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C Typhlodromus (T.) pyri
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FIGURE 3 | Percentage of the number of reports of (A) Euseius stipulatus, (B)
Kampimodromus aberrans, and (C) Typhlodromus (Typhlodromus) pyri
recorded on superior plant taxa. Data are issued from the own author
database: occurrence of predatory mite species and their associated number
of records all over the world (unpublished data). The “Plants database”
(https://plants.usda.gov/classification.html) was used to associate the plant
families, where predatory mites were found, to the plant orders.

shows the number of reports, the number of species found
on plant families and superior taxa, as well as the number
of plant genera where the 15 Kampimodromus species were
observed. The highest number of reports and the highest number
of Kampimodromus species and plant genera occupied, were
observed on Rosales and Fagales. Rosales and Fabales belong
to the clade EuRosids I and are evolutionary related. Then,
Kampimodromus species are reported in two other plant groups
neither phylogenetically related to each other, nor with Eu-
Rosids I: Sapindales (EuRosids II) and Lamiales (Eu-Asterids I)
(The Angiosperm Phylogeny Group, 2003). No clear relationship

TABLE 6 | Number of reports and number of species of predatory mites reported
on plant species of the genera Sambucus and Viburnum (Adoxaceae) with and
without extrafloral nectaries (EFNs).

Number of Number of
reports species

Sambucus Genus
Sambucus canadensis* 1 1
Sambucus javonica* 1 1
Sambuscus nigra* 28 14
Sambuscus nigra* 7
Sambuscus sibirica 1 1
Sambuscus sieboldiana 1 1
Sambuscus simpsonii 1 1
Total number of reports/species of 37 21
predatory mites on plants with EFNs
Total number of reports/species of 3 3
predatory mites on plants without EFNs
Viburnum Genus
Viburnum carlesii 1 1
Viburnum dilatatum* 3
Viburnum lantana 13 9
Viburnum lanthanum 1 1
Viburnum laurestinus 1 1
Viburnum odoratissimum 3 3
Viburnum opulus* 8 12
Viburnum rigidum 2 2
Viburnum sargentii* 2 2
Viburnum suspensum 2 2
Viburnum tinus 12 6
Viburnum wrightii* 4 5
Total number of reports/species of 17 16
predatory mites on plants with EFNs
Total number of reports/species of 35 22

predatory mites on plants without EFNs

*Corresponds to plant species with EFNs. Data are issued from two databases: (i) the
own author database on the occurrence of predatory mite species and their associated
number of records per plant all over the world (unpublished data) and (ij) a world public
database including the list of plant species with EFNs (http://www.extrafloralnectaries.
org/the-list.htmi).

between phylogeny of Phytoseiidae and plant phylogeny was
thus noted. However, all the biodiversity and distribution of
predatory mites is not known; the phylogeny of the family
Phytoseiidae is not stabilized. Furthermore, additional studies on
other predatory mite genera could provide different results. At
that state and focusing on the examples herein studied, it does
not seem appropriate to use phylogenetic relations between plant
and predatory mites to forecast their distribution on plants.

Predatory Mite Dispersal Abilities

The Mode of Dispersal and Factors Affecting
Predatory Mite Movement

Predatory mites are wingless organisms. Dispersal ability
depends on the species considered, abiotic (temperature,
humidity, practical practices) and biotic conditions (i.e., food
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TABLE 7 | Superior plant taxa where species of the genus Kampimodromus were
recorded (associated number of reports and number of species) and the number
of plant genera hosting Kampimodromus species within those superior plant taxa.

Number of
Kampimodromus
species

Number of
reports

Plant taxa Number of plant genera
occupied by

Kampimodromus species

Abetiales
Asterales
Boraginales
Buxales
Cornales
Dipsacales
Fabales
Fagales
Lamiales
Laurales
Malpighiale
Malvales
Myrtales
Poales

N =4 4 4 4 4 O O =4 N =4 4 N = o4

Proteales

—_
o

Rosales

-

Santales 1
16

P O N N S G G UG T o « SRR S N SO N\ WG

Sapindales 1

Data are issued from the own author database: occurrence of Kampimodromus species
and their associated number of records all over the world (unpublished data). The “Plants
database” (https.//plants.usda.gov/classification.html) was used to associate the plant
families, where of Kampimodromus species were found, to the plant orders.

availability) (Sabelis and Dicke, 1985). In a framework of
conservation biological control, it is important to assess why
dispersal occurs, for enhancing movements between agro-
ecosystem components. Most studies dealing with dispersal
were based on the use of traps in field conditions (i.e.,
Tixier et al., 1998, 2000, 2006; Mailloux et al., 2010; Aguilar-
Fenollosa et al., 2011a,b, 2012; Liguori et al.,, 2011; Sahraoui
et al.,, 2012, 2016), or on the assessment of dispersal behavior
(i.e., distance traveled from a release point) in lab conditions.
Only one genetic population study was carried out on the
dispersal of Neoseiulus womersleyi (Schicha) between tea
orchards and between this crop and the non-crop plant, Tithonia
rotundifolia Torch, in Japan (Hinomoto et al, 2011) (see
below).

Predatory mites can move via ambulatory dispersal. This
dispersal applies to low distances, usually from plant to plant,
within crops. Ambulatory dispersal of N. californicus and
Neoseiulus fallacis (Garman) was observed from cover crops to
apple trees (Johnson and Croft, 1976, 1979, 1981; Berry and
Holtzer, 1990; Fauvel and Gendrier, 1992; Pratt et al., 1998; Auger
et al,, 1999; Jung and Croft, 2001a). Berry and Holtzer (1990)
reported different walking behaviors of N. fallacis, depending on
the densities of prey. An edge-walking behavior seemed to be
adopted when prey was scarce. Jung and Croft (2001a) reported
that ambulatory dispersal was essentially used by females, and
that larvae were the less dispersive stage. However, Sahraoui et al.

(2016) showed no difference in sex-ratio and the immature/adult
ratio of mites dispersing along citrus trunks. Jung and Croft
(2001a) reported a walking speed ranging from 0.1 to 0.4 mm/s
for N. fallacis (2.7h to move through 1m). Raworth et al.
(1994) indicated than N. californicus would be able to walk 10 m
within 1h at 25°C. Lopez et al. (2017) studied the dispersal
of A. swirskii to determine how it moved from bank plants to
crops. They showed that canopy connectedness increased the
dispersal of A. swirskii to the crops, whereas no impact of the
prey Polyphagotarsonemus latus Banks was observed. Similarly,
Buithenuis et al. (2010) showed a limited dispersal of Neoseiulus
cucumeris (Oudemans) in non-continuous plant canopies. Auger
et al. (1999) studied the dispersal of N. californicus between
infested and non-infested dwarf alfalfa under different abiotic
conditions. They showed that the main factors affecting the
dispersal of this species were food deprivation and high
temperatures (35°C). They also stressed that high light intensities
(40,000 lux) and drought-stressed alfalfa increased dispersal.
Some studies focused on the impact of agricultural practices
on predatory mite dispersal. Sahraoui et al. (2016) showed
that plowed plots favored E. stipulatus dispersal from weeds to
trees.

Predatory mites can also disperse aerially via the wind
(Tuovinen, 1994; Tixier et al., 1998). This dispersal seems to
be the main colonization means of Galendromus (Galendromus)
occidentalis (Nesbitt) and K. aberrans in orchards in the USA
and vineyards in France, respectively (Johnson and Croft, 1979;
Whalon and Croft, 1986; Dunley and Croft, 1990; Tixier et al.,
1998, 2000; Jung and Croft, 2001a). Aerial dispersal ability
seems to depend on the species considered. In aerial traps
located under citrus trees canopy, E. stipulatus was not captured
(Sahraoui et al.,, 2016). Tixier et al. (1998, 2000) showed that
males, females, and immature stages of K. aberrans dispersed
in the same way, whereas Jung and Croft (2001a) reported that
the female was the main dispersal stage for N. fallacis. The
dispersal rate was correlated to wind speed and starvation for
food-specialist species (P. persimilis) (Jung and Croft, 2001b).
These authors showed that starved individuals dispersed on a
higher distance than well-fed ones. Several studies demonstrated
a take-off behavior (Johnson and Croft, 1976, 1981; Sabelis and
Afman, 1994). This behavior seems to be more frequent for
starved mites (Jung and Croft, 2001b). Some authors reported
that wind speed affected dispersal and especially the take-off
behavior (2 m/s). The highest dispersal activity of P. persimilis
was observed for a wind speed ranging between 4 and 8 m/s
(Sabelis and Afman, 1994). Dispersal on a distance higher than
100 m via air currents was demonstrated (Johnson and Croft,
1981; Hoy et al., 1985; Dunley and Croft, 1990); Hoy et al. (1985)
documented aerial dispersal of G. (G.) occidentalis for at least
200 m. In the genetic population study carried out in tea orchards
in Japan, Hinomoto et al. (2011) showed a dispersal of max. One
hundred meters of N. womersleyi between orchards and non-crop
plants.

Phoretic dispersal is more assumed than really tested.
K. aberrans females were observed on female aphids of Myzocallis
coryli (Goeze) (Krantz, 1973). Fain and Krantz (1990) noted the
association of Asperoseius species on the body of Diptera.
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Dispersal and Predatory Mite Traits

Very few studies focus on the relationship between predatory
mite traits and their dispersal ability. The dispersal ability of the
majority of the predatory mite species is unknown. Jung and
Croft (2001b) demonstrated that in general, specialist species had
more walking and aerial dispersal rates than generalist species.
These authors studied the “landing process and control” after
aerial dispersal for 13 predatory mite species. They showed (i)
a positive correlation between the mite body weight and the
fallen speed and (ii) a negative correlation between the mite body
weight and the distance of dispersal. They also demonstrated
that the “landing control” could be affected by mite movement
and to a lesser extent by dorsal chaetotaxy. Active mites had a
slower falling speed than inactive (anesthetized) mites. Finally,
no direct correlation was observed between the fallen speed and
morphological features; even if a higher length of the dorsal
setae Z5 increased the fallen speed, whereas a smaller length of
the setae s4 negatively impacted this parameter (Jung and Croft,
2001b).

Few studies focus on the impact of host plant characteristics
(especially hairiness) on predatory mite dispersal. The few
existing studies generally deal with ambulatory dispersal and
foraging behavior. Sarwar (2014) showed, studying three plant
species (Phaseolus lunatus L., Lablab purpureus [L.] and
Phaseolus vulgaris), that leaf area, thickness and hairiness
significantly affected the abundance of N. womersleyi and its
searching behavior. Rezaie et al. (2016) noted different predation
rates of N. californicus, in different strawberry cultivars. They
explained a higher predation rate by lower trichome densities
on leaves, as trichome would protect prey from predation.
Koveos and Broufas (2000) reported that due to the dense
trichomes covering the lower surface of apple leaves compared
to peach leaves, E. finlandicus movement decreased on apple
leaves compared to peach leaves, resulting in an increase of prey
handling time.

Predatory mite morphological features and taxonomic
attributes, cannot be clearly associated since there are very few
studies based on the dispersal ability of the species. No prediction
of predatory mite dispersal, based on their traits can thus
presently be proposed, to improve agro-ecosystem management.

The Agro-Ecosystem Management

In this section, we will present the knowledge that could be
used to manage the agro-ecosystem, i.e., which plants should be
associated to crops for favoring predatory mite occurrence and
biological control, at different scales within the plots (through
cover crops and agroforestry management) and out of the
plots (through natural neighboring vegetation and landscape
management). The objective is not to provide an exhaustive
review of the studies carried out on this topic, but to propose,
through some examples, elements for answering the following
key questions: (i) what plants and what kind of management will
favor the predatory mite species desired? (ii) what management
will favor dispersal from non-crop plants to trees? It is difficult to
address these questions in a single publication, as no general rule
exists. However, compiling all elements and evidence discussed,
could provide some answers.

Cover Crops/Ground Cover

Many studies showed that cover crops or weeds constitute a
reservoir for predatory mites (i.e., Liang and Huang, 1994; Aucejo
et al., 2003; Pereira et al., 2006; Mailloux et al., 2010). Cover
crops can provide food for predatory mites, especially pollen
and prey. They can also provide habitats, and depending on
the leaf features of the cover crop plants, the predatory mite
abundance and diversity can differ. Finally, cover crops might
modify microclimate conditions in the crops, affecting predatory
mite development. However, the direct impact of ground cover
on the densities and diversity of those predators on the associated
crops, is not easy to show. Furthermore, contradictory results
exist in literature, depending on cover crop management, the
predatory mite species considered and prey densities on crops.

(Marké et al., 2012) showed that densities and diversity
of predatory mites in apple orchards increased with flowering
ground cover plants in spring and autumn. They attributed this
result to the pollen provided by the cover crop plants. They
also noted that T. (T.) pyri gradually displaced A. andersoni in
the presence of flowers. Similarly, Grafton-Cardwell et al. (1999)
tested the effects of pollen of different plants on Euseius tularensis
Congdon, in lab conditions and showed that in field conditions,
a mixture of these plants (as cover crops) had a positive effect on
the densities of E. tularensis in young citrus orchards. Funayama
and Sonoda (2014) suggested that conservation of Plantago
asiatica L. in apple orchards favored Amblyseius tsugawai Ehara
populations, because of the suitable pollen produced by this
plant.

Aguilar-Fenollosa et al. (2011a) studied the impact of
different soil management on T. urticae and predatory mites
on citrus trees. They observed a better regulation when Festuca
arundinacea L. was used as cover crop, compared to bare soil
or wild cover. Their hypothesis was that this plant, because
favorable to T. urticae, hosted specialist predatory mite species
(P. persimilis, N. californicus) more efficient for controlling citrus
pests than the most species found currently, E. stipulatus. They
thus proposed (i) to plant F. arundinacea for favoring P. persimilis
and N. californicus and (ii) to avoid flowers in the orchards
for disfavouring E. stipulatus. On the opposite end, Alston
(1994) indicated the necessity to have floor vegetation plants in
apple orchards, that do not harbor spider mites. Aucejo et al.
(2003) studied the predatory mite fauna of cover plants in citrus
orchards in Spain. They recommended avoiding plants hosting
great densities of T. urticae (Equisetum palustre L., C. arvensis L.,
Tribulus terrestris L., Parietaria officinalis L.) and proposed a list
of plants with a benefit ratio for predatory mites. De Villiers and
Pringle (2011) studied the occurrence of T. urticae and predatory
mites on vines and plant cover in South Africa. They reported
an association between predatory mite dynamics on weeds and
vineyards depending on the amount of prey present on the
cover plants. They concluded that vineyard management could
be associated with plants favoring T. urticae. However, they also
noted the importance to manage the ratio of T. urticae/predatory
mites on cover plants, to avoid T. urticae infestation in vineyards.

Sahraoui et al. (2016) showed that some plant species within
citrus orchards are an important reservoir for E. stipulatus
(Amarantus retroflexus L., Chenopodium murale L.) the main
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predatory mite found on the trees. They attributed the presence
of I phiseius degenerans (Berlese) in one part of an orchard on
citrus trees to the occurrence of this species, in great densities,
on Solanum nigrum L. Even though no global impact of ground
cover management was observed on predatory mite diversity
and densities on trees, they noted the lowest densities on trees
when weeds were chemically controlled. The detrimental impact
of herbicides reported in other studies (Liang and Huang, 1994;
Pereira et al., 2006) could be due to: (i) the direct lethal effect of
glyphosate (Kreiter and Le Menn, 1993) and/or (ii) the indirect
herbicide effects through habitat destruction (Gauvrit, 1996).

Cover crops can also be used for winter habitats (Fadamiro
etal,, 2008). Croft and McGroarty (1977) reported that N. fallacis
wintered in the grass under the apple trees and then migrated to
the trees in summer, when prey was scarce in the ground cover.
Because A. andersoni winters in litter, Szabo and Penzes (2013)
proposed a new method to release A. andersoni in apple orchards
by bringing litter into a new orchard. Higher densities of this
species were observed in the plots where the litter was introduced.

The presence of predatory mites in the cover crop is not
sufficient to ensure efficient biological control, as the predators
have to disperse to the crops. Very few studies deal with the
dispersal of predatory mites from the ground cover to crops. In
some cases, no effect of ground cover management was stressed
especially for N. fallacis in apple orchards in the USA (ie.,
Stanyard et al., 1997), suggesting no movement between these
two compartments. Nyrop et al. (1994) showed for instance that
the application of pyrethroids on the cover crop did not impact
N. fallacis on trees, suggesting limited dispersal from weeds to
apple trees. Johnson and Croft (1981) reported that the dispersal
of N. fallacis from weeds to apple trees was related to the densities
of prey [Panonychus ulmi (Koch)] on apple trees (no dispersal
when prey was scarce on trees). Sahraoui et al. (2016) noted that
even if E. stipulatus was not the main species dispersing from
weeds to citrus, it was the prevailing species on trees. The authors
therefore discussed the competition abilities of E. stipulatus on
citrus with regards to the other species present on weeds and
dispersing along the trunk. They also noted that the densities
of predatory mites moving from the ground cover to the citrus
canopy along the tree trunk, were higher when the ground
was plowed, suggesting that physical weed destruction enhanced
predatory mite movement.

Effects other than the reservoir role can also exist. Burgio
et al. (2016) studied predatory mite communities in vineyards
managed with several cover crops. They observed higher
predatory mite densities on vines managed with ground cover.
However, no effect of the different ground cover treatments
(sweet alyssum, phacelia, buckwheat, faba bean, vetch and oat)
was observed on predatory mite densities on vines, where the
main species were T. (T.) pyri and K. aberrans. As stated before,
these species are mainly found on trees and not on herbaceous
plants. Experiments carried out in the South of France, showed
that predatory mites were present on herbaceous cover plants;
however the main species encountered were not those occurring
on vines (Tixier et al., 2015). As in (Burgio et al., 2016), the
densities of predatory mites were usually higher in vineyards
with cover crop than in vineyards without cover crops. Another

hypotheses than simple reservoir effects can thus be drawn: (i)
effect of cover crop pollen deposited on the vine leaves, (ii) effect
of micro-climate conditions in vineyards managed with cover
crops and/or (iii) effect of cover crop on vine physiology. No
study was carried out to test the two latter hypotheses, whereas
the former is well-documented (Madinelli et al., 2002). Liang and
Huang (1994) found high densities of predatory mites in citrus
orchards associated with Ageratum conyzoides. They also showed
that the presence of such cover crops modified the orchard
microclimate, reducing the temperature (—5°C) and increasing
relative humidity (+5%). Cover crops could thus create abiotic
favorable conditions for the development of predatory mites in
orchards.

Agroforestry Management

Few studies were carried out on the impact of agrofrestry
management (i.e., plantations of trees within crops) on predatory
mite communities. The most documented study was carried
out in the South of France, where vines were co-planted with
Sorbus domestica L. or Pinus pinea L. (Barbar et al, 2005,
2006, 2009; Liguori et al., 2011; Tixier et al.,, 2015). A 10-year
survey showed that agroforestry management did not increase
biodiversity within the plot. Vine cultivar characteristics mostly
affected predatory mite densities comparing to agroforestry
management. Furthermore, the agroforestry effect was different
according to the vine cultivar. On Grenache cv., lower densities
were observed on co-planted vines than in monoculture plots,
with higher densities in vines co-planted with S. domestica than
with P. pinea. On Syrah cv., predatory mite densities in co-
planted vines with S. domestica and in the control plot were
similar, and much lower than those on vines co-planted with
P. pinea. Several hypotheses were proposed: (i) different quality
and quantity of pollen produced by the two co-planted trees
(P. pinea, anemophilic pollination; S. domestica, entomophilous
pollination), (ii) different abilities of Grenache and Syrah
cultivars to capture pollen because of their different leaf hairiness
and (iii) the impact on predatory mite habitats due to differences
in tolerance to drought stress, according to the co-planted trees.
After a 10 year-study, no clear conclusion could be drawn on a
positive effect of agroforestry management considering the co-
planted trees: P. pinea and S. domestica. Complex interactions
between plant physiology (stress) and predatory mites might
exist. Furthermore, the impact varied according to the co-planted
trees and we can assume that other reservoir trees would be more
interesting especially in favoring K. aberrans (such as C. australis
L. or F. carica L.).

Borders of the Plots

Many studies showed the presence of predatory mites on non-
crop plants in vineyard and orchard borders (i.e., Boller et al.,
1988; Tuovinen and Rokx, 1991; Coli et al., 1994; Prischmann
and James, 2003; Duso et al., 2004a; Demite et al., 2015). For
instance, several surveys were carried out in France on the
natural vegetation surrounding vineyards (i.e., Tixier et al., 1998,
2000, 2006; Barbar et al., 2005). Those studies often showed
great densities of predatory mites (and especially of the most
efficient species in vineyards, K. aberrans) on non-crop plants
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FIGURE 4 | Synthesis of the key questions and further future approaches (in bold and italics) for agro-environmental management of predatory mites in

such as C. australis, F. carica, Quercus pubescens Wild. and
Cornus sanguinea L. High densities of K. aberrans dispersing
via the wind into the vine plots were observed. However, a
population genetic study suggested a low gene flow between
vines and non-crop habitats (Tixier et al., 2002). The “bridge”
between crops and neighboring non-crop plants is therefore not
well-understood or documented. Todokoro and Isobe (2010)
noted that T. rotundifolia (Mill.) was favorable to N. womersleyi
because it hosted great densities of T. urticae. They therefore
proposed to use this plant within tea orchards, as T. urticae
is not harmful to this crop and N. womersleyi can control
Tetranychus kanzawai Kishida, the main pest found on tea
orchards. Through a genetic population study, Hinomoto et al.
(2011) suggested that T. rotundifolia and tea trees should be
planted each 100 m. Genetic population studies would probably
bring new elements to better characterize dispersal ability and
factors explaining movement from the neighboring natural

vegetation. Metabarcoding approaches, are used more frequently
to compare predatory mite communities according to different
management modalities (i.e., Mollot et al., 2014) also providing
elements on factors affecting trophic networks within agro-
ecosystems.

Landscape Effects

Landscape effect on predatory mite densities is poorly
investigated. A study was recently carried out in France
(Sentenac et al,, 2018). As previously demonstrated, a clear
relationship between the density of pollen and predatory mite
densities on vine leaves was observed. The preliminary results
showed no landscape effect. The densities of T. (T.) pyri in
Burgundy were not related with the proportion of non-crop
areas (semi-natural habitats: SNH) for buffers at 100 and 1,000 m.
Some meta-analyses noted that densities of generalist predators
were related to the proportion of SNH for buffers included
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between 0 and 6 kms (Chaplin-Kramer et al., 2011; Veres et al.,
2013; Landis, 2017). However, predatory mites are wingless
organisms and their dispersal is not efficient at high distances.
Furthermore, the % SNH can also be a too global indicator, as
K. aberrans and T. (T.) pyri usually occur on deciduous trees
and SNH includes both trees and grasses. Clearly, the landscape
approach needs to be developed for assessing effects at different
distances.

CONCLUSIONS

Numerous studies focused on the agro-ecosystem management
for biological control purposes and associated ecosystem services
(less pesticides, well-being, human and animal health, fewer
exotic natural enemies .. .). Many surveys were and are still being
carried out to characterize the predatory mite species occurring
on non-crop plants and the relationships between this fauna and
that found on crops. Even if not complete, a huge amount of
information exists on the occurrence of predatory mite species
on plants. However, little is known on the parameters that explain
this occurrence. The first modeling attempts carried out herein,
showed that a prediction could be made to some extent, based
on the known distribution. However, because predatory mite
occurrence is not well-known, new approaches to forecast plant
and predatory mite associations are needed. In the present study,
we proposed and illustrated two approaches based on (i) plant
traits and (ii) plant phylogeny. The preliminary results obtained
are not completely satisfactory especially because of the scarce
information on plant traits and the taxonomic levels investigated
(too global analyses). The present work therefore constitutes
a preliminary baseline for further studies, investigating more
accurate taxonomic levels (i.e., species levels) and/or functional
traits (i.e., feeding types of Phytoseiidae). For this, more data
on plant characteristics (i.e., types of EFNs, domatia, trichomes)
should be compiled in collaboration with plant specialists and
cross-analyzed with predatory mite diversity and occurrence.
Development in automatized plant phenotyping, as well as meta-
analyses of data and modeling approaches, would certainly
help to develop such studies. Considering the dispersal of
predatory mites within agro-ecosystems, progress has been made
but factors affecting this dispersal are not clearly understood
and studies on predatory mite traits associated with dispersal
ability, might be a research track for future applications in
biological control. In addition, development of genetic studies
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