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Abstract

Biological pest control is becoming increasingly important for sustainable agriculture.
Although many species of natural enemies are already being used commercially, efficient
biological control of various pests is still lacking, and there is a need for more biocontrol
agents. In this review, we focus on predatory soil mites, their role as natural enemies, and
their biocontrol potential, mainly in vegetable and ornamental crops, with an emphasis on
greenhouse systems. These predators are still underrepresented in biological control, but
have several advantages compared to predators living on above-ground plant parts. For
example, predatory soil mites are often easy and affordable to mass rear, as most of them
are generalist predators, which also means that they may be used against various pests and
can survive periods of pest scarcity by feeding on alternative prey or food. Many of them
can also endure unfavourable conditions, making it easier for them to establish in various
crops. Based on the current literature, we show that they have potential to control a variety
of pests, both in greenhouses and in the field. However, more research is needed to fully
understand and appreciate their potential as biocontrol agents. We review and discuss sev-
eral methods to increase their efficiency, such as supplying them with alternative food and
changing soil/litter structure to enable persistence of their populations. We conclude that
predatory soil mites deserve more attention in future studies to increase their application in
agricultural crops.
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Introduction

The control of pests in vegetable and ornamental crops is still a topic of major concern
worldwide. For this, the use of biological control is an increasingly common practice, thus
reducing the use of chemical pesticides (Ehlers 1996; van Lenteren 2012). This change is
partly caused by the development of pesticide resistance by certain pests, partly due to con-
sumer demands for pesticide-free products, and partly a consequence of the introduction
of bumble bees for pollination in greenhouse crops such as tomato, which is incompatible
with the use of chemical pesticides (Ehlers 1996; Matson et al. 1997; Isman 2006; Velthuis
and van Doorn 2006; van Lenteren 2012). Many natural enemies of pests have been studied
with respect to their suitability for biological control, and a number of them are used in a
variety of crops. Despite the increased numbers of natural enemies commercially avail-
able for biological control, there is still a need for new candidates, partly because of the
emergence of new pests, but also because the current natural enemies are not sufficiently
efficient in all crops and under all conditions (Ehlers 1996; van Lenteren 2012). Preda-
tory mites are among the most frequently used biocontrol agents of thrips, whiteflies and
pest mites and are increasingly used for other pests (McMurtry and Croft 1997; Nomikou
et al. 2002; Gerson and Weintraub 2007; Pijnakker and Ramakers 2009; McMurtry et al.
2013; Moreira and de Moraes 2015). In particular, phytoseiid mites have proven to be effi-
cient natural enemies (Huffaker and Kennett 1953; Bravenboer and Dosse 1962; Ramak-
ers 1980; van Rijn et al. 1999; Lesna et al. 2000; Nomikou et al. 2002, 2010; Messelink
et al. 2008; McMurtry et al. 2013; Hoogerbrugge et al. 2014; Leman and Messelink 2015;
Muifioz-Cardenas 2017). However, this success is due to only a few predatory mite spe-
cies compared to the large number of species described and an undoubtedly large reservoir
of undescribed species. Hence, there is still a vast unexplored potential in this group. In
particular, predatory soil mites are potentially highly effective biocontrol agents but have
received less attention than their above-ground counterparts (Gillespie and Quiring 1990;
Chambers et al. 1993; Wright and Chambers 1994; Lesna et al. 1996, 2000; Berndt et al.
2004a, b; Castilho et al. 2009; Moreira et al. 2015; Muifioz-Cardenas 2017).

Soil mites are a very heterogeneous group, including prey, scavengers and predators.
The latter are usually polyphagous; they can feed on many different pests and are therefore
potentially versatile natural enemies (Berndt et al. 2004b; Messelink and de Kogel 2005;
Gerson and Weintraub 2007; Messelink and van Holstein-Saj 2008; de Moraes et al. 2015).
For example, the laclapid predators Hypoaspis (Geolaelaps) aculeifer (Canestrini) (for full
taxonomic details see Table 1) and Stratiolaelaps (= Hypoaspis) scimitus (miles) (Wom-
ersley), as well as Macrocheles robustulus (Berlese) of the Macrochelidae family are used
to control various species of edaphic pests (Gerson and Weintraub 2007; Messelink and
Holstein-Saj 2008). Predatory soil mites are not only used to control pests inhabiting the
soil, but also above-ground plants pests with so-called edaphic stages that inhabit the soil,
for example the pupal stage of Western flower thrips, Frankliniella occidentalis (Pergande)
(Berndt et al. 2004b; Wiethoff et al. 2004; Messelink and de Kogel 2005; Messelink and
van Holstein-Saj 2008). Indeed, many above-ground plant pests do have life stages that
occur in the soil (Gullino and Wordlow 1990), so predatory soil mites may control these
pests.

Whereas predatory soil mites have received little attention, even fewer studies have
investigated the ability of generalist predators to prey on both below- and above-ground
pests. The below-ground food web may provide alternative food to these predators (Scheu
2001; von Berg et al. 2009; Muiioz-Cardenas et al. 2014; Neher and Barbercheck 2019),
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Table 1 Predatory soil mites and the pests they can (potentially) control

Predators

Pests

Hypoaspis (Geolaelaps) aculeifer (Canestrini)
(Parasitiformes: Mesostigmata: Lealapidae)

Stratiolaelaps (Hypoaspis) scimitus (miles)
(Womersley) (Parasitiformes: Mesostigmata:
Lealapidae)

Neoseiulus barkeri Hughes (Parasitiformes: Mes-
ostigmata: Phytoseiidae)

Neoseiulus paspalivorus (De Leon) (Parasitiformes:

Mesostigmata: Phytoseiidae)

Macrocheles robustulus (Berlese) (Parasitiformes:
Mesostigmata: Macrochelidae)

Cosmolaelaps jaboticabalensis Moreira, Klompen
& Moraes (Parasitiformes: Mesostigmata: Lae-
lapidae)

Cosmolaelaps sabelis (Sierra-Monroy et al. 2021;
in press) (Parasitiformes: Mesostigmata: Laelapi-
dae)

Balaustium leanderi (Haitlinger, 2000) comb.nov.
(Actinotrichida: Trombidifromes: Erythraeidae)
Blattisocius dolichus Ma (Parasitiformes: Mesotig-

mata: Blattisociidae)

Geolaelaps gillespiei n. sp. (Parasitiformes: Mes-
ostigmata: Lealapidae)

Parasitus bitoberosus Karg (Parasitiformes: Mes-
otigmata: Parasitidae)

Lasioseius fimetorum Karg (Parasitiformes: Mes-
ostigmata: Ascidae)

Frankliniella occidentalis (Pergande) (Western flower
thrips) (Condylognatha: Thysanoptera: Thripi-
dae)6 7141529

Thrips tabaci Lindeman (onion thrips) (Condylogna-
tha: Thysanoptera: Thripidae)’

Pezothrips kellyanus (Bagnall) (citrus thrips) (Condy-
lognatha: Thysanoptera: Thripidae)*

Sciarid flies and other Diptera!!*!7

Rhizoglyphus robini Claparéde (Acariformes: Sarcop-
tiformes: Acaridae)'®?°

Tyrophagus similis Volgin (bulb mite) (Acariformes:
Sarcoptiformes: Acaridae)'®

Springtails*!®

Duponcheria fovealis (Zeller) (southern European
marshland pyralid) (Amphiesmenoptera: Lepidop-
tera: Crambidae)??

Frankliniella occidentalis®"'%2832:35:36:40

Thrips tabaci *

Sciarid flies®!*!133438

Delia radicum L. (cabbage root fly) (Panorpida:
Diptera: Anthomyiidae) 23

Duponcheria fovealis®

Meloidogyne incognita (Kofoid & White) (root-knot
nematode) (Rhabditica: Panagrolaimida: Meloid-
ogynidae) >

Frankliniella occidentalis®

Thrips tabaci*®

Steneotarsonemus laticeps (Halbert) (Acariformes:
Trombidiformes: Tarsoneminae)*?>

Aceria tulipae (Keifer) (dry bulb mite) (Acariformes:
Trombidiformes: Eriophyidae)?'-*

Frankliniella occidentalis®™>!

Frankliniella occidentalis®®

Frankliniella occidentalis®

Frankliniella occidentalis®

Radophulus similis (Cobb) Thorne (burrowing nema-
tode) (Rhabditica: Panagrolaimida: Pratylenchi-
dae)!!

Meloidogyne incognita®

Frankliniella occidentalis®

Thrips tabaci’

Frankliniella occidentalis'
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Table 1 (continued)

Predators Pests
Cunaxa capreolus (Berlese) (Acariformes: Trom- Meloidogyne incognita®
bidiformes: Cunaxidae) Tylenchulus semipenetrans Cobb (citrus nematode)

(Tylenchina: Tylenchida: Tylenchulidae)?

Table reference list: 1 Ajvad et al. (2018); 2 Al-Azzazy and Al-Rehiayani (2022); 3 Azevedo et al. (2020);
4 Baatrup et al. (2006); 5 Beaulieu (2009); 6 Berndt et al. (2004a); 7 Berndt et al. (2004b); 8 Castilho et al.
(2009); 9 Castro-Lopez and Martinez-Osorio (2021); 10 Chambers et al. (1993); 11 Chen et al. (2013); 12
Enkegaard and Brgdsgaard (2000); 13 Freire et al. (2007); 14 Gillespie and Quiring (1990); 15 Glocke-
mann (1992); 16 Jensen et al. (2019); 17 Jess and Bingham (2004); 18 Kasuga et al. (2006); 19 Lesna et al.
(1996); 20 Lesna et al. (2000); 21 Lesna et al. (2014); 22 Messelink and van Wensveen (2003); 23 Mes-
selink and van Slooten (2004); 24 Messelink and van Holstein-Saj (2006); 25 Messelink et al. (2008); 26
Moreira et al. (2015); 27 Mufioz-Cardenas et al. (2014); 28 Mufioz-Cérdenas (2017); 29 Navarro-Campos
et al. (2016); 30 Navarro-Campos et al. (2020); 31 Pozzebon et al. (2015); 32 Rahman et al. (2012); 33
Sabelis et al. (2008); 34 Wright and Chambers (1994); 35 Wu et al. (2014); 36 Wu et al. (2016); 37 Xu
et al. (2014); 38 Yan et al. (2022); 39 Yang et al. (2020); 40 Zhang et al. (2021)

which may result in the persistence of predator populations when above-ground prey and
pests are scarce (Muifioz-Cardenas 2017). Therefore, a system with predators connecting
the below- and above-ground food webs can be advantageous for biological control (Scheu
2001; von Berg et al. 2009; Muiioz-Cardenas 2017; Neher and Barbercheck 2019).

The aim of this paper is to give an overview of the use of predatory soil mites as biocon-
trol agents, their advantages and the practical problems encountered thus far when using
them. We mainly focus on vegetable and ornamental crops in greenhouse systems, but we
also discuss examples of field studies. We start with an overview of the strengths and chal-
lenges of biological control with predatory soil mites. Then follows a description of the
main pests that are targeted with predatory soil mites and case studies in which such preda-
tors have been used. Lastly, we go through some key points for the improvement of biologi-
cal control with predatory soil mites.

Predatory soil mites as biocontrol agents

The efficiency of biocontrol agents depends on many aspects, such as the presence of alter-
native prey or food, abiotic conditions, the cropping system, and possible interactions with
other predators (Glockemann 1992; van Schelt et al. 2002; Berndt et al. 2004a; Wiethoff
et al. 2004; Buitenhuis and Shipp 2008; Pijnakker and Ramakers 2008; Hoogerbrugge et al.
2014; Messelink 2014; Hewitt et al. 2015; Saito and Brownbridge 2016; Pijnakker et al.
2017). The presence of alternative prey or food can have both positive and negative effects
on biological control. Supplying alternative food may result in increased predator densi-
ties and better pest control (van Rijn et al. 2002). In other cases, however, the effects of
alternative prey or food are still not clear (Berndt et al. 2004a). Other elements that might
affect the efficacy of biocontrol systems are abiotic factors; it is important to consider that
seasonal changes can affect pests and predators even in greenhouse systems (Steiner et al.
2011; Hewitt et al. 2015). The limited use of predatory soil mites as biocontrol agents is
undoubtedly also caused by the fact that soil is often absent in modern greenhouse systems,
which mainly use artificial substrates. This does not prevent the presence of pests, but
will hinder the introduction of soil predators (Fransen 1992; Paulitz 1997; van Schelt and
Mulder 2000; Cloyd and Zaborski 2004). Furthermore, not all soil types are favourable for
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predatory soil mites. Sandy soils, for example, can be too compact for predatory mites to
move freely and localize prey (Lesna et al. 2000; Sabelis et al. 2008). Lastly, when consid-
ering the release of multiple predator species at once, it is important to account for the pos-
sible interactions between them (Rosenheim et al. 1995; Mills 2006). A possible scenario
is that one of the two predators could actively prey on the second one as well as on the
pest (Rosenheim et al. 1995; Janssen et al. 2006; Montserrat et al. 2008, 2012; Momen and
Abdel-Khalek 2009; Choh et al. 2014), and this hyperpredation or intraguild predation may
affect biological control (Vance-Chalcraft et al. 2007; but see Janssen et al. 2006). Alterna-
tively, the two predators could compete for the pest and this could make two predators less
efficient than one predator alone (Janssen et al. 1998; Wiethoff et al. 2004; Mills 2006).

Many predatory mites are generalists, are easy and affordable to mass rear, may be used
against various pests and can survive periods of pest scarcity by feeding on alternative prey
or food (Chambers et al. 1993; Wright and Chambers 1994; Lesna et al. 1996). Preda-
tory soil mites are very resilient; they too can survive periods of low prey densities and
they are adapted to various environmental conditions, making it easier for them to establish
in various crops (Chambers et al. 1993; Wright and Chambers 1994; Berndt et al. 2004a;
Wiethoff et al. 2004; Moreira et al. 2015). Furthermore, the presence of predators inhabit-
ing the above-ground plant parts is not tolerated in the marketable product of greenhouse
floriculture, and given that soil predators will not be present on the above-ground parts of
cut flowers, they potentially become a viable option (Fransen 1992; Beerling 2008; Pijnak-
ker and Ramakers 2008; Mufloz-Cardenas 2017).

An additional element restricting the use of predatory soil mites is that research on these
natural enemies is challenging; the methods to quantify densities of these mites give highly
variable results (Sabu et al. 2011; Owens and Carlton 2015; Knapp et al. 2018). For exam-
ple, the numbers of soil mites extracted with the frequently-used Berlese-Tullgren funnels
are affected by the extraction period, which often seems to be chosen arbitrarily (Owens
and Carlton 2015). Moreover, Knapp et al. (2018) observed that predatory soil mites may
escape from the funnels and are sometimes capable of reproducing during the extraction
process, making a proper estimate of their densities impossible. It is therefore essential to
have standardized methodology with respect to extraction time and quantity and quality of
the soil samples.

Predator-prey systems

Biocontrol with predatory soil mites has been investigated for several pests including thrips
and flies, which we review in this section. Many of the studies were done in laboratory
settings, and not much is known on the effects of predatory soil mites under crop-growing
conditions. Even though soil predators are present in a large number of greenhouses, infor-
mation on their predation rates, life cycles, and their ability to reproduce on various pest
diets is lacking, but crucial for improvement of biological control (Wright and Chambers
1994; Berndt et al. 2004a, b; Freire and de Moraes 2007; Messelink and van Holstein-
Saj 2008; Moreira et al. 2015). Many pests, such as F. occidentalis, several mite spe-
cies, springtails, sciarids and other flies, lepidopterans and nematodes, have at least one
life stage in the soil/litter layer and are therefore difficult to control with above-ground
predators (Gillespie and Quiring 1990; Glockemann 1992; Chambers et al. 1993; Wright
and Chambers 1994; Lesna et al. 1996, 2000; Berndt et al. 2004a, b; Messelink and van
Slooten 2004; Messelink and van Holstein-Saj 2006, 2008; Saito and Brownbridge 2016;
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Castro-Lopez and Martinez-Osorio 2021), and are often resistant to pesticides. We first
discuss some of these pests and then review the predatory soil mites that are candidate
natural enemies for biocontrol of such pests.

Thrips are some of the most difficult pests to control, mainly due to their complex life
cycles, cryptic behaviour, and their ability to counter-attack predators (Bakker and Sabe-
lis 1989; Glockemann 1992; Sabelis and van Rijn 1997; Faraji et al. 2002; Janssen et al.
2002; Koschier and Sedy 2003; Berndt et al. 2004a, b; Magalhaes et al. 2005; Thoem-
ing and Poehling 2006; Boateng et al. 2014; Muifioz-Céardenas et al. 2014; Wu et al. 2014,
2016; Pozzebon et al. 2015; Saito and Brownbridge 2016). Sciarid flies, lepidopteran pests,
and plant parasitic nematodes attack both ornamental and vegetable crops (Gillespie and
Quiring 1990; Chambers et al. 1993; Wright and Chambers 1994; Moens and Perry 2009;
Stocks and Hodges 2012), whereas Delia flies are a problem in cabbage (Soroka et al.
2001) and freesia (G. Messelink, pers. obs.) and biological control of bulb mites is mainly
focused on ornamentals, although vegetable crops such as garlic can also benefit from bulb
mite control (Lesna et al. 1996, 2000; Diaz et al. 2000; Messelink and van Holstein-Saj
2006). Another group of pests that proved hard to control are springtails, which attack a
wide variety of vegetable crops such as lettuce, broccoli, cauliflower and spinach, as well
as winter grain crops and pastures (Roberts et al. 2011; Joseph et al. 2015). As with F.
occidentalis, a characteristic of springtails is their ability to counter-attack the predators,
hindering the establishment of effective biocontrol agents (Jensen et al. 2019).

Candidates for biological control of thrips

Thrips tabaci Lindeman (onion thrips) and F. occidentalis are known to attack around 250
plant species, including cucumber, pepper, rose, chrysanthemum and many other vegeta-
bles and ornamentals (Glockemann 1992; Sabelis and van Rijn 1997; Messelink and de
Kogel 2005; Wu et al. 2021). They damage plants by ovipositing in leaf tissue and by feed-
ing on leaves and flowers (Koschier and Sedy 2003; Boateng et al. 2014). Moreover, they
act as vectors of plant viruses (Tommasini and Maini 1995; Ullman et al. 2002; Brunner
et al. 2004; Riley et al. 2011; Boateng et al. 2014; Mufioz-Cardenas et al. 2014; Pozzebon
et al. 2015). Several soil predatory mite species have been evaluated for their capacity to
control the (pre)pupal stage of these and some other thrips species (see Table 1 for species
names and their synonyms).

Laboratory experiments with H. aculeifer showed promising results for controlling F.
occidentalis, especially compared with S. scimitus (Berndt et al. 2004a, b). Greenhouse
experiments on cucumber, Saintpaulia, and Pelargonium confirmed the potential of these
two laelapid predators, but with high release ratios (Gillespie and Quiring 1990; Glocke-
mann 1992). Hypoaspis aculeifer also performed well as a biocontrol agent of T. tabaci on
onion plants in greenhouse experiments (Castro-Lopez and Martinez-Osorio 2021), and
it was found to be a promising natural enemy for control of Pezothrips kellyanus (Bag-
nall) (citrus thrips) in the laboratory, greenhouses and in the field (Navarro-Campos et al.
2020). Stratiolaelaps scimitus successfully reduced the densities of T. tabaci and F. occi-
dentalis on cucumber plants in greenhouse experiments (Wu et al. 2014), but these authors
found it difficult to predict the efficacy of S. scimitus. Macrocheles robustulus was also
found to effectively control F. occidentalis on ornamental plants and they were more effec-
tive than H. aculeifer (Messelink and van Holstein-Saj 2008). Another predatory soil mite
that proved to perform better than H. aculeifer is Parasitus bitoberosus Karg, which suc-
cessfully reduced 7. tabaci densities by almost 80% in greenhouse experiments on onion
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plants when released at high densities (Castro-Lépez and Martinez-Osorio 2021). Neosei-
ulus barkeri Hughes controlled 7. fabaci in experiments on cucumber and sweet pepper
plants in greenhouses (Ramakers 1980; de Klerk and Ramakers 1986; Wu et al. 2014). On
cucumber, N. barkeri seemed to achieve better control of T. tabaci than S. scimitus (Wu
et al. 2014). Although N. barkeri is known to also enter the soil (Messelink and van Hol-
stein-Saj 2006; I. Lesna, pers. obs.), it is not clear whether it preyed on the edaphic stages
of the thrips. Other potential predatory soil mites for control of F. occidentalis are Balaus-
tium leanderi (Haitlinger, 2000), Lasioseius fimetorum Karg, and species of the genus Cos-
molaelaps which are part of ongoing research (Enkegaard and Brgdsgaard 2000; Mufioz-
Cardenas et al. 2014; Moreira et al. 2015; Muifioz-Cardenas 2017).

Candidates for biological control of sciarid flies (fungus gnats) and other Diptera

Sciarid flies attack plant roots and stems and are especially important pests in young orna-
mentals and vegetables with root systems that are not yet fully developed (Gillespie and
Quiring 1990; Chambers et al. 1993; Wright and Chambers 1994). Stratiolaelaps scimitus
and H. aculeifer are capable of controlling sciarid flies and other Diptera in ornamentals,
cucumber plants and mushrooms (Gillespie and Quiring 1990; Chambers et al. 1993; Jess
and Bingham 2004; Freire et al. 2007; Ajvad et al. 2018; Table 1). In addition, S. scimitus
gave promising results when tested for its short-term effect of sciarid flies on Chinese chive
plants (Yan et al. 2022). Better results might be obtained when combining soil solariza-
tion with a subsequent release of S. scimitus (Yan et al. 2022). In cyclamen, M. robustulus
was more efficient in controlling sciarid flies than was H. aculeifer (Grosman et al. 2011).
Lastly, Messelink and van Slooten (2004) documented that S. scimitus showed promising
results in controlling larvae of the cabbage root fly, Delia radicum L., an important pest of
root crops.

Candidates for biological control of pest mites

Bulb mites, bulb scale mites and dry bulb mites are important pests of ornamental flower
bulbs such as lilies, amaryllis and tulips. The main hurdle when targeting these pests is
their ability to hide between the bulb scales, making it harder to be reached by predators
(Lesna et al. 1996, 2000, 2014; Messelink and van Holstein-Saj 2006; Sabelis et al. 2007,
2008). Hypoaspis aculeifer is the primary biocontrol agent of bulb mites; the full list of
predators against these pests is shown in Table 1. It was also shown to be effective against
Rhizoglyphus robini Claparede on lily bulbs in the laboratory as well as in greenhouse and
field experiments (Lesna et al. 1996, 2000; Table 1). Neoseiulus barkeri is a promising
natural enemy of bulb scale mites, Steneotarsonemus laticeps (Halbert), in amaryllis bulbs
(Messelink and van Holstein-Saj 2006; Table 1). This predatory mite can colonize both
the above-ground plant parts and the soil underneath, showing its plasticity and ability to
link both habitats (Messelink and van Holstein-Saj 2006). Lastly, there is the possibility
of using predatory soil mites to control mite pests in crops other than bulbs. Not much
information can be found on this topic, but encouraging results of H. aculeifer controlling
Tyrophagus similis Volgin in spinach (Kasuga et al. 2006) show that there are possibilities
of further using these predators.
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Candidates for biological control of springtails

Springtails (Collembola) are a major component of the soil fauna and are involved in the
decomposition of organic matter and nutrient cycling (Baatrup et al. 2006), but they can
also be pests in crops such as lettuce, beetroots and maize, as well as in pastures (Bishop
et al. 2001; Roberts et al. 2011; Joseph et al. 2015; Joseph 2017; Jensen et al. 2019). In par-
ticular H. aculeifer demonstrated capacity to control springtails in the laboratory (Baatrup
et al. 2006; Jensen et al. 2019; Table 1), but there are no studies on its effectiveness at
larger spatial scales. However, the efficiency of predatory mites in controlling springtails
can be reduced by the counterattack behaviour of certain springtail species (Jensen et al.
2019).

Candidates for biological control of Lepidoptera

Lepidopteran pests with at least one edaphic life stage can be targets for control with preda-
tory soil mites; a prime example is the European pepper moth, Duponchelia fovealis (Zel-
ler). Its five larval stages reside preferably in the soil, but they can also be found on plant
parts close to the soil (Blok and Messelink 2007; Stocks and Hodges 2012). They feed
on plant stems, the lower plant leaves, and occasionally on roots (Blok and Messelink
2007; Stocks and Hodges 2012). Until now, S. scimitus and H. aculeifer have been studied
for control of this pest (Messelink and van Wensveen 2003; Blok and Messelink 2007;
Table 1). Both mites managed to control D. fovealis, but the predation rate of S. scimitus
was slightly higher than that of H. aculeifer, probably due to the fact that the former mite
prefers the top soil layer where most of the lepidopteran eggs and larvae are found (Mes-
selink and van Wensveen 2003).

Candidates for biological control of nematodes

Plant parasitic nematodes are pests in many agricultural crops; they affect plant growth and
fruit production by attacking plant roots, causing lesions, cysts, and gall formation (Moens
et al. 2009; Perry and Moens 2011; Sikora et al. 2018). In laboratory experiments, all
mobile stages of the predatory soil mite Cunaxa capreolus (Berlese) successfully preyed
on egg masses and second-instar larvae of the root knot nematode Meloidogyne incognita
(Kofoid & White) and the citrus nematode Tylenchulus semipenetrans Cobb (Al-Azzazy
and Al-Rehiayani 2022). The predatory soil mite Blattisocius dolichus Ma was able to
complete its life cycle on a diet of the nematode Radophulus similis (Cobb) Thorne and
control it in potted Anthurium andreanum plants (Chen et al. 2013; Table 1). It also showed
good control of the root knot nematode M. incognita in pots with water spinach plants
(Ipomoea aquatica, Xu et al. 2014; Table 1). Stratiolaelaps scimitus also controlled M.
incognita in potted spinach plants (Yang et al. 2020; Table 1) and in tomato plants with
free-living nematodes (Rhabditella axei) as alternative food (Azevedo et al. 2020; Table 1).

Candidates for biological control of Coleoptera
Among Coleoptera pests, the Western corn root worm, Diabrotica virgifera virgifera

LeConte (Endopterygota: Coleoptera: Chrysomelidae), is considered one of the major
threats to agriculture. It feeds mainly on maize plants: the first instar damages the finer

@ Springer



Experimental and Applied Acarology (2022) 87:143-162 151

root hairs and the older instars damage the bigger nodal roots, whereas adults might also
affect the reproductive plant organs (Branson et al. 1980; Spencer et al. 2009). This creates
direct damage leading to yield loss (Riedell 1990; Sutter et al. 1990; Spike and Tollefson
1991; Godfrey et al. 1993; Gray et al. 2009). Laboratory studies showed promising results
when testing predatory soil mites against this pest; field experiments, however, gave mixed
results (Prischmann-Voldseth et al. 2011; Prischmann-Voldseth and Dashiell 2013; Pas-
quier et al. 2021a, b).

How to improve biological control with predatory soil mites
Biodiversity of the soil ecosystem

It is well known that increased biodiversity can promote biological pest control (Gurr et al.
2003; Bianchi et al. 2006; Scherber et al. 2010; Chaplin-Kramer et al. 2011; Woltz et al.
2012). Simplified landscapes with low biodiversity such as modern agricultural fields are
often not varied enough to guarantee the presence and the successful action of natural ene-
mies (Gurr et al. 2003; Bianchi et al. 2006; Chaplin-Kramer et al. 2011) and this holds for
below-ground as well as above-ground biodiversity. The soil community is known to alter
soil composition and nutrient availability, thus directly affecting plant quality and, indi-
rectly, the performance and composition of the above-ground fauna (Scheu 2001; Neher
and Barbercheck 2019). The establishment of links between below- and above-ground sys-
tems could lead to new solutions for biocontrol and a more unified understanding of the
ecosystem associated with plants. Even without much knowledge of such links, there is
general agreement that soil biodiversity is important, both in open fields and greenhouses
(Gurr et al. 2003). There are many ways in which more varied habitats can be stimulated,
for example with increased plant diversity in field margins and with cover crops (Gurr et al.
2003; Bianchi et al. 2006; Woltz et al. 2012).

Soil structure

Changes in soil structure can affect natural enemies in the soil: the addition of a mulch
layer to strawberry plants resulted in increased predatory soil mite densities through offer-
ing them protection against high temperatures and low humidity (Esteca et al. 2018, 2020).
Consequently, this resulted in a decrease of spider mite densities. The litter layer is usu-
ally removed in many greenhouse crops because it can be a source of pests, pathogens,
and toxic compounds (Mercier and Manker 2005; Carteni et al. 2016). However, it could
be kept to promote the establishment of predatory soil mite populations (Mufioz-Cardenas
et al. 2017; Walter and Stirling 2018; Esteca et al. 2020; Navarro-Campos et al. 2020). We
suggest that applying litter or mulch to artificial substrates in soilless crops can promote the
presence and persistence of soil predators, thus increasing their role in pest control. Lastly,
highly degradable substrates could promote the soil microfauna, thus sustaining predator
populations and resulting in more successful biological control (Blok and Messelink 2007).

Adding alternative food to the soil

The addition of alternative food, such as pollen, Artemia (brine shrimp) cysts and moth
eggs, to above-ground plant parts is becoming a common practice in many crops (Arijs
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and De Clercq 2001; Nomikou et al. 2002; van Rijn et al. 2002; Maoz et al. 2011; Delisle
et al. 2015; Janssen and Sabelis 2015; Leman and Messelink 2015; Pijnakker et al. 2016;
Ghasemzadeh et al. 2017; Warburg et al. 2019). Adding or maintaining alternative food
or prey in the soil, the litter layer, or the mulch is likewise beneficial for soil predators
(Elkins and Whitford 1982; Messelink and van Holstein-Saj 2008; von Berg et al. 2009;
Muifioz-Cardenas 2017; Esteca et al. 2018, 2020; Rueda-Ramirez et al. 2018, 2019; Neher
and Barbercheck 2019; Azevedo et al. 2020), and has been shown to result in enhanced
pest control (Mufioz-Céardenas 2017; Mufioz-Cardenas et al. 2017; Esteca et al. 2018,
2020; Rueda-Ramirez et al. 2018; Azevedo et al. 2020). Introducing alternative prey to the
litter or mulch layer can promote the growth and establishment of predators in the absence
of pests. The positive effect of a litter/mulch layer can also work in field crops, and the
addition of alternative prey to these substrates could boost predator populations even more
(Muiioz-Cardenas 2017; Navarro-Campos et al. 2020).

The provisioning of alternative food results in an indirect interaction between the alter-
native food and the pest, driven by the actions of the shared predator. As such, this indirect
interaction between the alternative food and pest can lead to lower predation on the pest,
thus increasing pest densities (so-called apparent mutualism, Holt 1977), at least in the
short term, because adding alternative food results in satiation of the predators. Indeed,
several studies have shown the occurrence of apparent mutualism with a potential negative
impact on biocontrol (Desneux and O’Neil 2008; van Maanen et al. 2012; Desneux et al.
2019). Consequently, this interaction may negate the positive impacts of alternative food
provisioning. Given this, the quality and the frequency of provisioning alternative food
would then play an important role in determining the extent of any beneficial effects of
adding alternative food.

Combining below-ground and above-ground predators and other control measures

The release of a combination of soil-dwelling natural enemies and predators occurring on
the above-ground plant parts has repeatedly been suggested for more efficient pest control
(Glockemann 1992; Wiethoff et al. 2004; Muiioz-Cardenas et al. 2014). The idea is that
the two predators would target different stages of pests with edaphic stages, resulting in
more successful pest suppression. For example, Wiethoff et al. (2004) found that the soil
mite H. aculeifer alone did not reduce F. occidentalis densities sufficiently, but control was
more effective when combined with the plant-dwelling predatory mite Amblyseius cucum-
eris (Oudemans) (Mesostigmata: Phytoseiidae). On a similar note, it was found that suc-
cessful control of F. occidentalis in cyclamen plants could be achieved by combining the
predatory bug Orius laevigatus (Fieber) (Hemiptera: Anthocoridae) with either the preda-
tory soil mite M. robustulus, or with entomoparasitic nematodes (Pozzebon et al. 2015).
Similarly, H. aculeifer controlled F. occidentalis better together with entomopathogenic
nematodes than alone (Premachandra et al. 2003a). These results are promising, but more
studies have to be done to assess the possibility of negative interactions such as intraguild
predation between the different natural enemies. In general, it is possible that intraguild
predation between soil and above-ground predators hinders their effectiveness, but the pos-
sibilities for these predators to meet is likely lower than for predators that occur on the
same plant parts (Northfield et al. 2017). Moreover, intraguild predation often does not
seem to impede biological control above-ground (Janssen et al. 2006; Pochubay et al. 2015;
but see Vance-Chalcraft et al. 2007). To date, there are few studies on intraguild predation
between soil and leaf predators, possibly caused by soil food webs being understudied and
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partly because above- and below-ground food webs were often considered as two separate
systems (Wardle et al. 2004).

It is also important to consider the possibility of combining biopesticides and micro-
bial control agents with natural enemies (Waiganjo et al. 2011; Srinivasan 2012; Gonzalez
et al. 2016; Saito and Brownbridge 2016; Soares et al. 2019). Waiganjo and colleagues
(2011) found better control of aphids and diamondback moths, Putella xylostella (L.) (Lep-
idoptera: Plutellidae), with a combination of biopesticides and natural enemies. Results
of such combinations are, however, often dependent on the type and concentration of the
biopesticide. Rahman et al. (2012) showed successful control of F. occidentalis in straw-
berries when the biopesticide spinosad was applied 5-6 days prior to the release of leaf
and soil predatory mites in various combinations. They observed no negative effects of
spinosad on mite performance and development; however, the residual toxicity should be
investigated further. Saito and Brownbridge (2016) found promising results at low con-
centrations of certain bioactive substances, but high concentrations were harmful for the
predators and decreased their efficiency as biocontrol agents. Along the same line, control
of the tomato leafminer Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) with essen-
tial oils raised some concern on potential long-term effects of these products on natural
enemies (Soares et al. 2019). A selling point for soil predators is that they may escape
the side-effects of pesticides applied to above-ground plant parts (Beerling 2008; Pijnakker
and Ramakers 2009). Even though the combination of chemicals and (soil) predators could
be a good strategy, lethal and sublethal effects of pesticides affect predator-prey dynamics
(Relyea and Edwards 2010; Cabral et al. 2011; Rasmussen et al. 2013) and will often not
result in better pest control (Janssen and van Rijn 2021). In some cases, these chemical
substances affect the fecundity and reproduction of the predator (Rasmussen et al. 2013).
In other situations, pesticides slow down the mobility of pests to the advantage of a natural
enemy (Cabral et al. 2011), but it is questionable whether this would also increase preda-
tion by soil predators. Ultimately, it is important to evaluate the compatibility of bioac-
tive substances and predators on a case-by-case basis, testing for effects on the pest-natural
enemy dynamics (Biondi et al. 2012, 2013; Saito and Brownbridge 2016).

Another approach is the combination of predatory soil mites and microbial agents to
control pests. A positive example is the control of F. occidentalis in greenhouse experi-
ments on eggplants when using granules of the entomopathogenic fungus Beauveria bassi-
ana (Bals.-Criv.) Vuill. (Hypocreales: Cordycipitacecae) alone or in combination with S.
scimitus and its alternative prey Tyrophagus putrescentiae (Schrank) (Astigmata: Acari-
dae) (Zhang et al. 2021). The combination treatment worked the best, however, there could
be some competition between the predators due to the shared prey (thrips pupae). This
aspect should be studied more to confirm the efficacy of such systems.

Conclusions and perspectives

The use of predatory soil mites as biocontrol agents against edaphic prey is gaining atten-
tion; however, many more studies are needed for better understanding of the biology of
these mites and their full potential as biocontrol agents. Moreover, more applied stud-
ies in greenhouses and outdoors are needed to assess the efficiency of these predators in
commercial cropping systems. The current literature shows that predatory soil mites can
be included in biocontrol programs, but methods must, and can be, improved. One such
improvement is the use of a litter/mulching layer to increase the persistence of the predators
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in a cropping system (Muifioz-Cérdenas et al. 2017; Esteca et al. 2018, 2020; Walter and
Stirling 2018; Navarro-Campos et al. 2020). Another is the supply of alternative food for
the predators in the soil, guaranteeing persistence of their populations when pest densi-
ties are low. Several types of alternative food could be explored, for example, saprophytic
nematodes seem a promising choice (Navarro-Campos et al. 2016). A further potentially
successful strategy is the combination of soil and plant predators; however, their compat-
ibility and predatory interactions need to be studied first (Glockemann 1992; Premachandra
et al. 2003; Wiethoff et al. 2004). Likewise, an interesting avenue is to use soil predators to
combat other soil pests such as root aphids (Wenninger 2011; Miiller 2019). Furthermore,
more research is needed on the effects of soil structure (Lesna et al. 2000; Jindo et al. 2020)
and cropping systems on biocontrol (Chabert and Sarthou 2017). In conclusion, we argue
that the use of predatory soil mites is a promising additional strategy for sustainable con-
trol of pests with soil-borne stages.
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