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Predationn by insects and mites
Mauricee W. Sabelis & Paul C.J. van Rijn
UniversityUniversity of Amsterdam, Section Population Biology; Kruislaan 320, 1098 SM Amsterdam, The
Netherlands Netherlands

Predatoryy arthropods probably play a prominent role in determining the numbers of
plant-feedingg thrips on plants under natural conditions. Several reviews have been
publishedd listing the arthropods observed to feed and reproduce on a diet of thrips. In
chronologicall order the most notable and comprehensive reviews have been presented by
Lewiss (1973), Ananthakrishnan {1973, 1979, 1984), Ananthakrishnan and Sureshkumar
(1985)) and Riudavets (1995) (see also general arthropod enemy inventories published by
Thompsonn and Simmonds (1965), Herring and Simmonds (1971) and Fry (1987)).
Numerouss arthropods, recognised as predators of phytophagous thrips, have proven their
capacityy to eliminate or suppress thrips populations in greenhouse and field crops of
agriculturall importance (see chapters 16 and 18 of Lewis, 1997), but a detailed analysis
off the relative importance of predators, parasitoids, parasites and pathogens under natural
conditionss is virtually absent. Such investigations would improve understanding of the
mortalityy factors and selective forces moulding thrips behaviour and life history, and also
indicatee new directions for biological control of thrips. In particular, such studies may
helpp to elucidate the consequences of introducing different types of biological control
agentss against different pests and diseases in the same crop, many of which harbour food
webss of increasing complexity.
Theree are three major reasons why food web complexity on plants goes beyond onepredator-one-herbivoree systems. First, it is the plant that exhibits a bewildering variety of
traitss that promote or reduce the effectiveness of the predator. Plants may provide shelter
andd alternative food (pollen, extrafloral nectar, exudate) and they signal herbivore attack
too the predators of their herbivores (Price et ai, 1980; Sabelis and Dicke, 1985; Dicke
andd Sabelis, 1988, 1989, 1990). In this sense plants use predators as bodyguards. They
mayy also invest in direct defences that do not only harm the herbivores, but also the
naturall enemies of their herbivores. Second, the arthropod predators of thrips are usually
generalistt feeders. They can feed on many different plant-inhabiting arthropods and even
onn foods of plant origin. The important consequence of polyphagy is that the impact of
predatoryy arthropods on thrips pests now also depends on the abundance of other
foods/prey,, as well as the details of food/prey preferences. Third, different predators
introducedd to control the same and/or other pests may not only compete with each other
forr food, but they may also feed on each other (intraguild predation).
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Thiss chapter starts with a literature review of arthropods that are predators of thrips.
Suchh an update is much needed because some important groups have never been
adequatelyy reviewed (e.g. predatory mites) and because the number of candidate species
inn several groups is rapidly increasing due to attempts to control thrips that invaded new
continentss in the past two decades (e.g. western flower thrips and Thrips palmi Karny).
Subsequently,, some of the most important groups of predatory arthropods will be
reviewedd with respect to their per capita predation and reproduction rate and with respect
too their impact on thrips populations, as can be derived from experiments on biological
controll of thrips. Mathematical predator-prey models are presented to analyse how
individual-levell characteristics influence population phenomena. The chapter ends with a
firstt attempt to review some of the food web complexities arising from polyphagy, plantpredatorr interactions and intraguild predation.

Predators,, relative body size and prey vulnerability
Onee of the most striking features of arthropod predator-prey relations is that predators
aree similar to or larger than their prey in body size (Warren and Lawton, 1987; Sabelis,
1992;; Diehl, 1993 and references therein). In addition, increases in predator body size
aree correlated with an increase in prey size range. This empirically established pattern
arisess because maximum prey size increases more steeply with predator body size, than
minimumm prey size. Although such sweeping generalisations across taxa are doomed to
faill in special cases (e.g. when tested at smaller taxonomie scales or size gradients), these
provee to be very useful in classifying arthropod predators of thrips. The arthropod
predatorss recorded in the literature as predators of thrips are listed in Table 1 and below
wee discuss how their body size compares to that of the thrips and how this relates to
vulnerabilityy to predator attack.
Size,, vulnerability and refuges of thrips
Beforee discussing thrips body size relative to their predators it is important to consider
theirr way of life on a plant more closely. Thrips inhabit various sites on a plant differing
inn the risk of being eaten. They exhibit one of three major life styles (Lewis, 1973). First,
theree is the highly specialised group of thrips whose feeding stimulates the plant to
producee galls in which the thrips gain protection from predators (although the degree of
protectionn strongly depends on the structure of the gall). Second, there are the interstitial
dwellerss that seek protection in narrow spaces on their host plants, e.g. in bark crevices,
inn dense inflorescences (grasses, composite flowers), on hairy leaf surfaces, under curled
leaff edges and in leaf sheaths. Clearly, when inhabiting galls or interstitial sites, thrips
aree vulnerable only to predators of similar or smaller size. However, when they move out
off their refuge (to forage or disperse), they become vulnerable to a wide range of
predatorss of similar or larger size, just like the third and last group of surface-dwelling
thripss species.
Anotherr important point is the change in size and site of the thrips during
development.. Terebrantian eggs are usually about 0.3 x 0.15 mm (e.g. Aeolothripidae
andd Thripidae); tubuliferan eggs are somewhat larger. Terebrantia lay their eggs in an
incisionn made in the plant tissue by the ovipositor. This protects the eggs from predation,
butt the degree of protection depends on how deep the eggs are embedded in the leaf
tissue.. Tubuliferan species (Phlaeothripidae) do not insert their eggs in the substrate, so
ass to avoid exposure to predators, they deposit them in protected places (in galls, bark
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crevices,, bark beetle galleries and under scales of coccids) or, rarely, protect them by
broodd care. Despite this, in general the eggs of Tubulifera are thought to be protected
lesss efficiently from predators than those of Terebrantia (Lewis, 1973). On hatching, the
soft-bodiedd and usually slow-moving larvae appear, presenting easy prey for predators
unlesss they inhabit refuges. They cannot jump or run away, but possess some defence
mechanismss to deter predators. For example, they can strike a predator with their
elongatedd abdomen and produce rectal droplets, which they carry on the raised tip of
theirr abdomen (Lewis, 1973; Bakker and Sabelis, 1986, 1989). These droplets contain a
varietyy of chemicals (Blum, 1991), which deter or irritate their opponent (Howard et al,
1983,, 1987; Blum et al, 1992) and/or alarm other (conspecific) thrips nearby (Suzuki et
al,al, 1988; Teerling et al, 1993ab; Teerling, 1995). Just before entering the second moult,
larvaee of many species drop to the soil litter beneath the plant or move to some protected
placee on the plant (crevices, such as bark scales, hollow twigs, bases of leaf stalks, leaf
sheaths,, leaf spaces where protruding veins branch, or, in some cases (Aeolothrips,
Franklinothrips),Franklinothrips), a self-made cocoon). At the second moult a propupa emerges which
doess not feed or excrete, but may exhibit slight mobility upon disturbance. Within the
moree or less protected site occupied by the propupa, moulting takes place into one or two
pupall stages and finally into an adult. Adult size may vary. The largest species, some
reachingg a length up to 14 mm, occur in the Tropics, but most species (especially in
temperatee zones) are 1-2 mm in length. The adults may escape from predators by
jumpingg or flying, but some litter or bark-dwellers retract antennae and legs to feign
deathdeath (thanatosis).
Inn summary, the risk of being attacked by predators strongly depends on the
developmentall stage of the thrips and on the lifestyle of the thrips species. Let us now
considerr how size and refuge use relate to the size of their predators.
Predatoryy insects and spiders: miscellaneous taxa
Thatt relative body size really matters is nicely illustrated in the two groups of predatory
insects,, the mantids and the digger wasps (Table 1). Each of these groups covers a wide
rangee of body size, much larger than thrips. It appears that the predators of thrips are to
bee found among the smallest species. For example, Haldwania liliputana (Dictyoptera:
Mantidae),, is among the smallest species of praying mantids. It is considered to be an
effectivee predator of Zaniothrips ricini Bhatti on castor plants in India. They consume
almostt 100 individuals per day, usually active adult thrips (Mohandaniel et al, 1983).
Thee other example concerns solitary digger wasps in the genus Spilomena Shuckard
(Hymenoptera:: Sphecidae). Relative to other species of digger wasps they are really very
smalll (2-4 mm long!) and are considered to be genuine thrips hunters (Vardy, 1987;
Bohartt and Smith, 1994). They seize immature thrips (but also springtails) and bring
thesee prey to their nests located in abandoned burrows of wood-burrowing beetles or
self-excavatedd holes in pithy twigs. Similarly, other small species of sphecids in the
genuss Ammoplanus and Microstigmus forage primarily for thrips (Priesner, 1964;
Mathews,, 1970; De Melo and Evans, 1993).
Otherr records of predation on thrips also seem to confirm that the predatory insects
aree larger than their prey, but among the smaller species in the order and even within the
familyy (Table 1). These include larvae of small gall midges (Diptera: Cecidomyiidae) in
thee genus Thripsobremia (Gagné and Bennett, 1993), Lestodiplosis (Bennett, 1965) and
ArthrocnodaxArthrocnodax (Chang et al, 1993) and mini-ladybeetles (Coleoptera: Coccinellidae),
suchh as Scymnus (Afifi et al, 1976; Habib et al, 1980; Saxena, 1977). Other records of
thripss predators may include species that belong to the same insect families, but are
relativelyy larger. For example, several coccinellids, larger than mini-ladybeetles, have
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beenn recorded, e.g. Hippodamia and Coccinella (Table 1). Mammen and Vasudevan
(1977)) describe observations on the ladybeetle Coccinella arcuata Fabricius, that pushed
thee curled edges of rice leaves aside to feed on the rice thrips larvae hiding within the
leaff curls. Similar records of thrips feeding by lacewing and hover fly larvae have been
publishedd (Table 1). Stuckenberg (1954) reported thrips feeding by small larvae of a
hoverr fly (Sphaerophoria spp.) and Bennett (1965) found hover fly larvae (Baccha spp.)
insidee the leaf roll galls induced by Gynaikothrips ficorum (Marchal), showing that leaf
rollss do not provide a very effective protection against predators. Also larvae of larger
syrphidd flies {e.g. Syrphus corollae L.) have been reported as thrips predators (Ghabn,
1948).. McMurtry and Badii (1991) found that the numbers of Heliothrips
haemorrhoidalishaemorrhoidalis (Bouché) are reduced by first-instar lacewing larvae in short (1-2
weeks),, small-scale experiments with caged and uncaged fruit clusters of avocado.
Possibly,, later-instars of these lacewings have larger food requirements and may prefer
too forage on more densely packed and larger prey, such as colonies of aphids. More
generally,, for large, adult predators thrips might be of suboptimal size, but this may not
bee so for the juveniles of these predators. It would be interesting to test whether thrips
feedingg occurs more frequently among the younger stages of arthropod predators that as
ann adult are much larger than the thrips. One may also wonder whether the adult females
off these larger predators lay their eggs close to thrips-infested plants or prefer to oviposit
nearr colonies of densely-packed and/or larger prey.
Otherr records of predation on thrips (Table 1) include crickets, Oecanthus turanicus
Uv.. in Egypt (Ghabn, 1948) and adult predatory flies, such as Stilpon nubila Coll.
(Diptera:: Hypotidae) (Kühne and Schrameyer, 1994), Condylostilus flavipes (Aldrich)
(Diptera:: Dolichopodidae) (Wheeler, 1977) and Lioscinella sabroskyi (Cogan and Smith,
1982)) (Diptera: Chloropididae). Surprisingly little is known of thrips predation by ants,
web-spinningg spiders and hunting spiders. As far as the evidence goes, potential
predatorss of thrips are again more likely to be found among the relatively smaller
species,, such as Pheidole ants (Reinier 1988), Dictyna web-spiders (Heidger and
Nentwig,, 1984) and some small salticid jumping spiders (Lewis, 1973). More research is
neededd to assess their impact, as they are likely to harbour great potential in reducing
thripss populations. However, some thrips species manage to effectively ward away
predators.. For example, some subsocial, mycophagous thrips species produce anal
dropletss containing defensive allomones, such as juglone (Crespi, 1990). This compound
aidss parental-care behaviour by effectively warding away salticid spiders. Other
exampless (see Blum, 1991) are anal discharges of Bagnalliella yuccae (Hinds)
containingg y-decalactone, as an effective contact irritant against predatory Monomorium
antss (Howard et al, 1983), the leaf-roll-gall-inducing thrips Gynaikothrips ficorum
(Marchal)) containing chemicals deterring aggressive myrmicine ants (Wassmania spp.)
(Howardd et al., 1987), and Haplothrips leucanthemi (Schrank) containing mellein, an
effectivee repellent against hungry fire ants (Solenopsis spp.) (Blum et al, 1992).
Heteropterann predators
Theree are many generalist predators among the Heteroptera that include thrips in the
rangee of prey eaten (Table 1). The largest predators in this group belong to the families
Pentatomidaee and Reduviidae. They exceed thrips in size by an order of magnitude and
wouldd probably need large amounts of thrips larvae to meet their energy needs. Records
onn thrips predation by these predators are very rare (Callan, 1943). Such records are
certainlyy more frequent among predators of intermediate size belonging to the Nabidae
inn the genus Nabis (Taylor, 1949; Benedict and Cothran, 1980; Stoltz and McNeal, 1982;
Dimitrov,, 1975; Lattin, 1989; Goodwin and Steiner, 1996) and to the Lygaeidae, such as
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Tablee 1 Predators of thrips arranged according to order (separated by lines), family,
genuss and species. Predator-thrips associations alone have not been taken as evidence,
butt rather successful predation on thrips and the ability to suppress thrips populations.
Family y

Mantidae e
Gryllidae e

Chrysopidae e
(green n
lacewings) )

References' '
Thripss prev (T. = Thrips,
F.F. = Frankliniella)
Insectt order: Dictyoptera
Mohandaniell et al,, 1983
Zaniot.Zaniot. ricini
lilliputiana lilliputiana
Haldwania Haldwania
Insectt order: Orthoptera
Lewis,, 1973
T.T. tabaci
longicauda longicauda
Oecanthus Oecanthus
Ghabn,, 1948; Lewis, 1973
turanicus turanicus T.T. tabaci
Insectt order: Neuroptera
alobana alobana SelenothripsSelenothrips rubrocinctus Callan,, 1943
Chrysopa Chrysopa
Callan,, 1943
S.S. rubrocinctus
arioles arioles
Lewis,, 1973; Milbrath et al.
GynaikothripsGynaikothrips fworum, Heliothrips
carnea carnea
haemorroidalis.haemorroidalis. T. tabaci1993 3
Callan,, 1943; Carl, 1976
S.S. rubrocinctus, T. fuscipennis
claveri claveri

Genus s

Species s

Callan,, 1943
S.S. rubrocinctus
iona iona
Callan,, 1943
S.S. rubrocinctus
montovana montovana
Lewis,, 1973
Liot.Liot. floridensis, Prosopot. cognatus
oculata oculata
perlia perlia

Ananthakrishnan,, 1984
Odontot.Odontot. intermedius, O. phaleratus

Lewis,, 1973
plorabuda plorabudaCaliothripsCaliothrips fasciatus, F. tritici
Ghabn,, 1948;
vulgaris vulgaris OdontothripsOdontothrips intermedius, O.
Ananthakrishnan,, 1984
phaleratus,phaleratus, T. tabaci
Callan,, 1943
Leuco-Leuco- marquesi marquesi S.S. rubrocinctus
Callan.. 1943
S.S. rubrocinctus
chrvsa chrvsa submacula submacula
Callan,, 1943
S.S. rubrocinctus
varia varia
TaeniothripsTaeniothrips inconsequens
Hemero-Hemerocalifornicus californicus
bius bius
pacificus pacificus T.T. inconsequens
LiothripsLiothrips setinodis
sp. .
Insectt order: Diptera
tripiperda tripiperdaLiothripsLiothrips oleae
Cecidomyiidae e Adelgimyza Adelgimyza
(galll midges)
occidentalis occidentalis
T.T. palmi
Arthrocno-Arthrocnodax dax
GvnaikothripsGvnaikothrips ficorum
Lestodi-Lestodisp. .
plosis plosis
liothripis liothripis LiothripsLiothrips urichi
Thripso-Thripsobremia bremiathripivora thripivoraG.G. ficorum
Hemerobiidae e
(brown n
lacewings) )

Asilidae e

annulipes annulipes HaplothripsHaplothrips sp.
Machinus Machinus

Lewis.. 1973
Lewis,, 1973
Lewis.. 1973
Barnes,, 1930; Lewis, 1973
Change// al., 1993
Bennett,, 1965
Barnes,, 1930
Gagnee and Bennett, 1993
Kurkina,, 1979

Wheeler,, 1977
F.F. intonsa
flavipes flavipes
Dolichopodidae e Condyio-Condyiostvlus stvlus
Lewis,, 1973
ambigua ambigua LimothripsLimothrips cerealium, T. tabaci
Medetera Medetera
Lewis,, 1973
L.L. cerealium
dendrobaena dendrobaena
Lewis,, 1973
L.L. cerealium
jaculus jaculus
Lewis,, 1973
L.L. cerealium, L. dentocornis
truncorum truncorum
Syrphidae e
(hoverr flies)

Baccha Bacchalivida livida
norina norina

G.G. ficorum
G.G. ficorum

Bennett,, 1965
Bennett,, 1965
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Tablee 1 -- continued
Family y

[Syrphidae]]

Thripsprev(7".. = Thrips,
References1 1
F.F. = Frankliniella)
Insectt order: Diptera
Ischiodon aegypticus aegypticus
CaliothripsCaliothrips fasciatus
Lewis,, 1973
Mesograpia Mesograpia
Lewis,, 1973
marginata marginataT.T. tabaci
Sphaera-SphaeraGigantothripsGigantothrips afer
quadrituber-quadrituberStuckenberg,, 1954; Lewis,
phoria phoria culata culata
1973 3
T,T, tabaci
ruepelli ruepelli
Tawfikefa/,, 1974
CaliothripsCaliothrips fasciatus
sulphuripes sulphuripes
Lewis,, 1973
Syrphus Syrphus
corollae corollae LiothripsLiothrips setinodis, T. tabaci Ghabn,, 1948; Lewis, 1973
Genus s

Species s

Chloropididaee

Lioscinella sabroskyi sabroskyi TeuchothripsTeuchothrips sp.

Cogann and Smith, 1982

Hypotidaee

Platipalpus pallidicornis pallidicornis

Kuehnee and Schrameyer,
1994 4
Kuehnee and Schrameyer,
1994 4
Kuehnee and Schrameyer,
1994 4

pictitarsis pictitarsis
Stilpon Stilpon nubila nubila

Sphecidaee
(diggerr wasps)

Insectt order: Hymenoptera
AmmoT.T. tabaci
Priesner,, 1964; Lewis, 1973
perrisi perrisi
planus
Micro-Micro- simsim His
Dee Melo and Evans, 1993
stigmus stigmusthripoctenus thripoctenus
LeucothripsLeucothrips sp., Bradinothrips
sp.
Matthews,,
1970
xylicola xylicola
Dee Melo and Evans, 1993
Spilomena Spilomena
barberi barberi
F.F. sp., T. sp., Sercothrips sp.
Ananthakrishnan,, 1984
elegantula elegantulaT.T. obscuratus
Vardy,, 1987
emarginata emarginata
Vardy,, 1987
nozela nozela
HeliothripsHeliothrips haemorrhoidalesVardy,, 1987
pusilla pusilla
NeohydatothripsNeohydatothrips variabilis
Lewis,, 1973
troglidytes troglidytesF,F, tenuicornis
Lewis,, 1973
vagans vagans
AnaphothripsAnaphothrips obscurus Lewis,, 1973
Xysma Xysma sp. .
Lewis,, 1973

Vespidae e

Polistes Polistes
hebraeus hebraeus

Formicidae e
(ants) )

Azteca Azteca chartifox chartifox
Ananthakrishnan,, 1984
megacephala megacephala
Pheidole Pheidole
liothripsliothrips urichi
Reimer,, 1988
Wasmannia Wasmannia
auropunctata auropunctata
SelenothripsSelenothrips rubrocinctus Callan,, 1943
Insectt order: Coleoptera
terminalis terminalis HaplothripsHaplothrips sorgicola
Hexagonia Hexagonia
Lewis,, 1973

Carabidae e
Coccinellidae e
(ladybird d
beetles) )

22 2

RhipiphorothripsRhipiphorothrips cruentatus
Dhaliwal,, 1975

Adalia Adalia bipunctata bipunctataLiothripsLiothrips setinodis, T. laricivorus

Priesner, 1964; Lewis, 1973

conglomerata conglomerata
L.L. setinodis
Lewis, 1973
Adonia Adonia variegata variegata HaplothripsHaplothrips tritici
Lewis, 1973
Anatis Anatis ocellata ocellata
LiothripsLiothrips setinodis, T. laricivorus
Lewis, 1973
obliterata obliterata T.T. laricivorus
Aphidecta Aphidecta
Lewis, 1973
Cheilo-CheiloCaliothripsCaliothrips indicus
Lewis, 1973
menes menes
Chilocorus Chilocorus
PhlaeothripsPhlaeothrips sycamorensis
Lewis, 1973
stigma stigma
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Tablee 1 -- continued
Species s

Thripss prev (7". = Thrips,
F.F. = Frankliniella)
Insectt order: Coleoptera
BaliothripsBaliothrips biformis

References' '

Family y

Genus s

[Coccinellidae]]

Mammenn and Vasudevan,
1977 7
novemnotatanovemnotata
T. tabaci
Lewis.. 1973
Lewis,, 1973
repandarepanda
T. tabaci
septempunctataseptempunctata
T. fuscipennis. T. tabaciCarl,, 1976
Ghabn.. 1948; Lewis, 1973;
undecimpunctaiaundecimpunctaia
T. tabaci
AMAM etal., 1976
Lewis,, 1973
maculala maculala T.T. simplex, T. tabaci
Coleome-Coleomegilla gilla
Pena,, 1990
F.F. occidentalis
CryptoCrypto -desjardinsi desjardinsi
morpha morpha
Lewis,, 1973
sanguinea sanguinea T.T. simplex
Cyclaneda Cyclaneda
Lewis,, 1973
ScirtolhripsScirtolhrips auranti
flavipes flavipes
Exochomus Exochomus
1973
Liothripssetinodis.Liothripssetinodis. T.Lewis,,
laricivorus
quadripustulatus quadripustulatus
Coccinella

arcuari

Bailey,, 1933; Lewis, 1973
Caliot,Caliot, fasciatus, Taeniot.
Hippo-Hippo- convergent convergent
inconsequens,inconsequens, T. tabaci
dada mia
PhlaeothripsPhlaeothrips sycamorensisLewis,, 1973
Lindorus Lindorus
lophanthae lophanthae
Mohandaniell etal., 1983
cardoni cardoni
ZaniothripsZaniothrips ricini
Micraspis Micraspis
Lewis,, 1973
T.T. laricivorus
Neomysia Neomysia
oblongoguttata oblongoguttata
Lewis.. 1973
LiothripsLiothrips setinodis
quatuodecim-quatuodecimPropylaea Propylaea
punctata punctata
TaeniothripsTaeniothrips inconsequensLewis.. 1973
Scvmnus Scvmnus
aler aler
Ananthakrishnan,, 1984
Kakot.Kakot. robustus, Odontot. loti, O,
frontalis frontalis
phaleratus phaleratus
Atifteta!.,Atifteta!., 1976; Habib et
T.T. tabaci
interrupttts interrupttts
al,al, 1980
Saxena.. 1971, 1977
CaliothripsCaliothrips indicus, T. tabaci
nubilus nubilus
thoracicus thoracicusChaetanaphotlChaetanaphotl orchidii Ananthakrishnan,, 1984
Lewis,, 1973
trepiduius trepiduius ScirtothripsScirtothrips aurantii
Malachiidae e

Staphylinidae e
(rovee beetles)

Saxena,, 1971, 1977
CaliothripsCaliothrips indicus, T. tabaci
externotatus externotatus
LaiLaius
Lewis,, 1973; Shurovenkov,
HaplothripsHaplothrips Irilici
viridus viridus
Maluchius Maluchius
1974 4

-Gyro-Gyro- manca manca
phaena phaena
alfierii alfierii
Paederus Paederus

Riduviidae e
Miridae e
(miridd bugs)

--

Ananthakrishnan,, 1984
Acanthot.Acanthot. nodicornis, Hoplandrot.
pillichianus,pillichianus, Haplot. corticus, H.
pedicularius,pedicularius, H. propinquus
TaeniothripsTaeniothrips inconsequensLewis,, 1973
T.T. tabaci
Insectt order: Heteroptera
VarshneyiaVarshneyia pasaniae

liebknechti liebknechtiF.F. occidentalis
Campto-Camptoptera ptera
Campy-Campy-chinensis chinensis T.T. pal mi
T.T. palmi
lomma lomma livida livida

Tawfikk and Abouzeid, 1977
S u z u k i ss a/., 1988
Goodwinn and Steiner. 1996
Wang,, 1995
Hirosee etal., 1993; Chang
etui.etui. 1993
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Tablee 1 -- continued
Family y

Genus s

[Miridae]]

Deraeocorus corus

Species s

Thripss prev (T. = Thrips,
F.F. = Frankliniella)
Insectt order: Heteroptera
pallens pallens
T.T. tabaci

punctulatus punctulatus
Dicyphus Dicyphus
tamaninii tamaninii F.F. occidentaiis

eckerleini eckerleini T.T. tabaci
rhododendh rhododendh
Heterot.Heterot. azaleae
Macro-Macro-caliginosus caliginosus
F.F. occidentaiis
lophus lophus
rubirubi (= cosialis) T.T. tabaci
PsalPsal lus sp. .
Megalurot.Megalurot. distalis
Rhino-Rhino- vanduzeei vanduzeei Heterot.Heterot. azaleae
capsus capsus
Termato-Termatopilusa pilusa
SelenothripsSelenothrips rubracinc
Caliot.Caliot. insularis, S. ru
maculamacula ta
phyiidea phyiidea

opaca opaca
Termato-Termatoinsigne insigne
phylum phylum
Nabidae e
(damsell bugs)

Nabis Nabis

S.S. rubrocinctus
Gynaikot.Gynaikot. Jicorum

atternatus atternatus Aeolot.Aeolot. fasciatus, F. m
occidentaiis,occidentaiis, T. tabaci
americoferus americoferus
F.F. occidentaiis

ferns ferns
T.T. tabaci
pseudoferus pseudoferus
T.T. tabaci
Lygaeidae e
(lyguss bugs)

Geocoris Geocoris
atricolor atricolor
pallens pallens

NinNin vas
Anthocoridaee
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Anthocoris

F,F, occidentaiis

References' '

Zavodchikova,, 1974; Abbas
etal.,etal., 1988
Zavodchikova,, 1974
Riudavetss et at., 1993;
Gabarra«a/.,, 1995;
Albajesera/.. 1996;Castane
etal.etal. 1996
Callan.. 1975; Dimitrov,
1975,, 1977
Bramann and Beshear, 1994
Fauvele/a/.,, 1987;
Riudavetss et ai, 1993
Dimitrov,, 1975, 1977
Ananthakrisnan,, 1984
Bramann and Beshear, 1994
Callan,, 1943. 1975
Callan,, 1943; Van
Doesburg,, 1964; Lewis.
1973;; Callan, 1975
Callan,, 1975
Lewis,, 1973

Taylor,, 1949: Lewis, 1973;
Benedictt and Cothran, 1980
Benedictt and Cothran,
1980;; Stoltz and McNeal,
1982 2
Dimitrov,, 1975
Dimitrov,, 1975
Benedictt and Cothran, 1980

F.F. occidentaiis

Benedictt and Cothran,
1980;; Gonzalez and Wilson,
1982;; Stoltz and Stern,
1978;; Yano. 1996
ochropterus ochropterus
AyyariaAyyaria chaetophora, Caliot. Change// al., 1993;
indidus,indidus, T. palmi. Scirtot. dorsalis,
Mohandamell etal.. 1983;
andd others
Sureshkumarr and
Ananthakrishnan,, 1985
bullatus bullatus
Callan,, 1975
punctipes punctipes Selenot.Selenot. rubrocinctus
Callan.. 1943. 1975
S.S. rubrocinctus
austropiceus

Teuchot.Teuchot. sp.

Cogann and Smith, 1982
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Tablee 1 - continued
Family y

[Anlhocoridae] ]
(flowerr bugs)

Genus s

Species s

Thripss prey (T. = Thrips,
F.F. = Frankliniella)

References s

Insectt order: Heteroptera
F.F. occidentals

Buentee et al., 1990; Buxton
andWardlow,, 1991;
Jacobson,, 1991
Buentee et al., 1990
F.F. occidentalis
gallarum-ulmi gallarum-ulmi
Hkoseetal,Hkoseetal,
1993
T.T. palmi
sp. .
Bilia Bilia
Muraleedharann and
Caliot.Caliot. indicus, F. schultzei, Haplot.
indicus indicus
Carayo-CarayoAnanthakrishnan,,
1978;
ganglbaueri,ganglbaueri, Retit. syriacus,
Scirtot.
Sureshkumarr and
dorsalis,dorsalis, S. rubrocinctus, T. tabaci
Ananthakrishnan,, 1984;
Ananthakrishnan,, 1984
Lewis,, 1973
Heliot.Heliot. hearmorrhoidalis
Cardia-Cardia-consors consors
Lewis,, 1973
H.H. hearmorrhoidalis
stethus stethus poweri poweri
Bennett,, 1965
rugicollis rugicollis Gynaikot.Gynaikot. Jicorum
Bennett,, 1965
G.G. ficorum
Ectemnus Ectemnus
sp. .
Lewis,, 1973
reduvinus reduvinus LiothripsLiothrips oleae
Lewis,, 1973
G.G. ficorum
laevis laevis
Macrotra-Macrotraccheliel la
moraguesi moraguesiArrhenot.Arrhenot. ramakrishnae, F. Tawfikk and Nagui, 1965;
Montan-MontanMuraleedharann and
occidentalis,occidentalis, G. ficorum, G.
doniola doniola
Ananthakrishnan,,
1971;
flaviantennatus,flaviantennatus, Liot. africanus,
L.
jluggae,jluggae, L. oleae, L. urichi, T. Pericart,,
tabaci 1972; Lewis, 1973;
Muraleedharann and
Ananthakrishnan,, 1978;
Reimer,, 1988
Lewis,, 1973; Saxena, 1977;
F.F. occidentalis, G. ficorum,
Orius Orius albidipennis albidipennis
syriacus, 1980;
Megalurot.Megalurot. sjostedti, Retit. Ghauri,,
Ananthakrishnann and
S.S. rubrocinctus, T. tabaci
Suresh-kumar,, 1985; Salim
etai,etai, 1987; Pena, 1990;
Chyzike/a/.,, 1995a
Ghauri,, 1980
amnesius amnesius Megalurot.Megalurot. sjostedti
Goodwinn and Steiner, 1996
armatus armatus F.F. occidentalis
Rajasekharaa and Chatterji,
Megalurot.Megalurot.
nigricornis
indicus indicus
1970;; Lewis, 1973;
Ananthakrishnann and
Sureshkumar,, 1985
Robinsonn etai, 1972;
insidiosus insidiosusAnaplot.Anaplot. obscurus, Caliot. phaseoli,
Ramakers,,
1978; Isenhour
Haplot.Haplot. subtilissimus, F. moultoni,
F.
andd Yeargan, 1981b, 1982;
occidentalis,occidentalis, F. tritici, Caliot.
Ananthakrishnann and
fasciatus,fasciatus, Leptot. mali, Prosopot.
Sureshkumar,, 1985;
cognatus,cognatus, Sericot. variabilis, Taeniot.
inconsequens,inconsequens, T. simplex, McCaffreyy
T. tabaci and Horsburgh,
1986a;; Van den Meiracker
andd Ramakers, 1991;
Fransenn et al, 1993; Coll
andRidgway,, 1995;
Richardss and Schmidt, 1996
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Tablee 1 continued continued
Family y

[Anthocoridae]]

26 6

Genus s

[Orius]

Species s

Thripss prey (T. = Thrips,
References' '
F.F. = Frankliniella)
Insectt orden Heteroptera
laevigatus laevigatusF.F. occidentalis. Caliot. fasciatus, T. Pericart,, 1972; Tawfik and
Ata,, 1973; Aflfie/a/., 1976;
labaci labaci
Ananthaknshnann and
Sureshkumar,, 1985;
Tavella.. eta!., 1991;
Vielvieilleandd Millot 1991;
Riudavetss ef ai, 1993;
Cameraa et al, 1993;
Tommasinii and Nicoli,
1993;; Husseini et al., 1993
Ramakers,, 1990; Trottin
majusculus majusculus
F.F. occidentalis
Caudall el ai. 1991: Fischer
etet ai, 1992; Tommasini and
Nicoli,, 1993; Riudavets el
ai,ai, 1995; Jacobson 1995
maxidentex maxidentex
Anaphot.Anaphot. sudanesis, Caliot. SureshKumarr and
Ananthakrishnan,, 1984;
graminicola.graminicola. C. indicus. Haplot.
ganglbaueri,ganglbaueri, F. schultzei. Ananthakrishnann and
Sureshkumar,,
1985
Microcephalot.Microcephalot. abdominahs,
Retit.
syriacus,syriacus, Scirtot dorsalis,
Stenchaetot.Stenchaetot. biformis, T. palmi, T,
labaci labaci
Chirot.Chirot. manicatus, Drepanot. reuteri,
Lewis,, 1973; Viswanathan
F.F. intonsa. F. occidentalis, F.
andd Ananthakrishnan, 1974;
schultzei,schultzei, Limot. schmutzi, L. Ramakers,, 1978;
denticornis,denticornis, Megalurot. dislalis,
Ananthakrishnann and
Haplot.Haplot. ganglbaueri. H. aculeatus,
Sureshkumar,, 1985;
T.
ParthenotParthenot dracaenae. T.flavus,
Lichtenauerr
and Sell, 1993
fuscipennis,fuscipennis, T. palmi, T. labaci
HaplothripsHaplothrips aculeatus, H, niger.
H. 1973; Carl, 1976;
Lewis,,
mger mger
tritici,tritici, T. fuscipennis, T. simplex,Anantha-knshnann
T.
and
labaci labaci
Sureshkumar,, 1985;
Ramakers,, 1990; Van de
Veiree and Degheele, 1992;
Tommasinii and Nicoli,
1993;; Yasunaga and
Miyamoto,, 1993
Ananthakrishnann and
T.T. tabaci
persequens persequens
Sureshkumar,, 1985
T.T. palmi, T. setosus, Mycterot.
Changg era/., 1993;
glycinus glycinus
Nakashimaa et ai, 1996;
Nagai,, 1989, 1990, 1991;
Kawai,, 1995; Wang, 1995
T.T. pain
Weii etai. 1984; Kajita,
simsim il is
1986;; Yasunaga and
Miyamoto,, 1993
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Tablee 1 - continued
References s
Thripss prey (T. = Thrips,
F.F. = Frankliniella)
Insectt order: Heteroptera
Ananthakrishnann and
Caliot.Caliot. indicus, Haplot. gangbaueri,
[Anthocoridae]] [Orius]
tantilus
Sureshkumar,,
Microcephalot.Microcephalot. abdominalis,
Scirtot. 1985; Mituda
1989;
dorsalis,dorsalis, Stenchaetot. biformis, andCalilung,,
T.
Goodwinn and Steiner, 1996
palmi palmi
Lewis,, 1973
tripoborus tripoborusScirtot.Scirtot. aurantii
1973; Salas-Aguilar
tristicolor tristicolor Caliot.Caliot. fasciatus, F. occidentalis, Lewis,,
F.
andEhler,, 1977;
tritici,tritici, F. minuta, F. moultoni, Haplot.
Hollingsworthh and Bishop,
verbasci,verbasci, Micocephalot. abdominalis,
Odentot.Odentot. loti, T. abdominalis, T.1982;; Letoumeau and
tabaci,tabaci, Taeniot. inconsequens, T.Altieri,, 1983;
Ananthakrishnann and
simplex simplex
Sureshkumar,, 1985
Muraleedharann and
Scolopo-Scolopoparallelus Ecacanthot.Ecacanthot. sanguineus
Ananthakrishnan,, 1978
scelis scelis
Nolte,, 1951
TetraphlepsTetraphleps bicuspis T.T. laricivorus
Yasunaga,, 1995
Wolla-Wollaparvicuneis T.T. palmi
stoniella stoniella
Yasunagaa and Miyamoto,
T.T. palmi
rotunda rotunda
1993 3

Family y

Aeolothripidaee

Genuss

Species

Insectt order: Thysanoptera
Caliot.Caliot. fasciatus, Haplot. tritici, Böhm,, 1959; Robinson et
Heliot.Heliot. haemorroidalis, Kakot. al.,al., 1972; Lewis, 1973;
Ferrari,, 1980; El Serwiyer
robustus,robustus, Sericot. variabilis, Stenot.
1985; Baker, 1988
graminum,graminum, T. laricivorus, T. al,al,
simplex,
T.T. tabaci, T. linarus
intermedius intermedius
Heliot.Heliot. hemorroidales, Odontot. Bourniere(a/.,, 1978, 1979;
confusus,confusus, T. tabaci and others Lacasa,, 1988; Lacasa et al,,
1982,1989 9
Saxena,, 1971, 1977
collaris collaris
Lewis,, 1973
kuwanai kuwanai T.T. tabaci
Lacasa,, 1988
melisi melisi
Lacasa,, 1988; Lacasa et al.,
tenuicornis tenuicornis
1989 9
Nolte,, 1951
T.T. laricivorus
vittatus vittatus
Mound,, 1992; Goodwin and
Anderwar-Anderwarkellyana T.T. australis
Steinerr 1996
thaia thaia
Goodwinn and Steiner 1996;
Desmo-Desmosp.
F.F. occidentalis
Mound,, unpublished
thrips thrips
Erythro-Erythroasiaticus Retit.Retit. syriacus, Scirtot. dorsalis, Sureshkumarr and
Ananthakrishnan,, 1987
Haplot.Haplot. ganglbaueri, F. schultzei,
thrips thrips
Caliot.Caliot. indicus
Johansen,, 1981
Franklino-Franklinocaballeroi
Stannard,, 1952; Lewis,
C.C. indicus, F. schultzei, Heliot.
thripsthrips
megalops
Sureshkumar
and
haemorrhoidalis,haemorrhoidalis, Retit. 1973;;
eagypticus,
R.
Ananthakrishnan,, 1987
syriacus,syriacus, S. dorsalis, Zaniot. ricini
Callan,, 1943
Dinurot.Dinurot. hookeri, Heliot.
tenuicornis tenuicornis
haemorrhoidalis,haemorrhoidalis, Caliot. insularis,
Selenot.Selenot. rubrocinctus
Aeolothrips

fasciatus
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Tablee 1 - continued
Familyy

Genus

Species

Thrips prey (T. = Thrips,
F.F. — Frankliniella)
Insectt order: Thysanoptera

[Aeolothripidae]] [Franklino- vespiformis
thrips] thrips]

References'

Caliot.Caliot. insularis, Dinurot. hookeri.
Heliot.Heliot. haemorrhoidalis, Scirtot.

Cal Ian, 1943; Lewis, 1973;
Okajima et al. 1992; Hirose

longipennis,longipennis, S. rubrocinctus, T, palmi et al., 1993
Mvmaro-Mvmarobicolor bicolor
thrips thrips
Thripidae e

S.S. rubrocinitus

Scolothrips Scolothrips
indicus indicus
sexmaculatus sexmaculatus
T.T. pini

Mound, unpublished

Ananthakrishnan,, 1969
Lewis,, 1973

Phlaeothripidaee Aleurodofasciapennis
Ananthakrishnan,, 1974
thrips thrips
AndrothripsAndrothrips jlavipes galll thrips: Arrhenot. ramakrishnae, Varadarasann and
Crotonot.Crotonot. danta-hasta, Gvnaikot.
Ananthakrishnan,, 1981;
flaviantennatus,flaviantennatus, Schedot.Ananthakrishnan,,
orientalis,
1984;
Thilacot.Thilacot. babuli
Sureshkumarr and
Ananthakrishnan,, 1987
Haplo-Haplo- bedfordi bedfordi Scirtot.Scirtot. aurantii
Lewis,, 1973
thrips thrips cahirensis cahirensisGinaikot.Ginaikot. ficorum
Lewis,, 1973
victoriensis victoriensis
F,F, occidentalis
Goodwinn and Steiner, 1996
Leptothrips Leptothrips
mali mali
F.F. moultoni, Depanot, reuteri
Bailey,, 1940; Lewis, 1973
Xylaplo-Xylaploinquilinus inquilinus Gvnaikot.Gvnaikot. uzeli, Liot. brevitubus,
L.
Ananthakrishnan,,
1984;
thrips thrips
kuwanai,kuwanai, Mesot. ctaripennis Suresh-kumarr and
Ananthakrishnan,, 1987
Mitee order: Heterostigmata
Acaraphe-Adacty-Adacty-nicolae nicolae
Gynaikot.Gynaikot. ficorum, Scirtot. citri
El-Badryy and Tawfik, 1966;
nacidae e
lidium lidium
Lewis,, 1973; Eickwort, 1983
Pyemotidae e
Pyemotes Pyemotes
ventricosus ventricosus
G.G. ficorum
Bennett,, 1965
(== Pediculolo ides)
Anystidae e

Anvstis Anvstisagilis agilis
astripus astripus

Mitee order: Prostigmata
F.F. occidentalis. S. citri
T.T. tabaci

baccarum baccarum F.F. occidentalis, Kakot. robustus,
Scirtot.Scirtot. aurantii, T. klapaleki
Trombidiidae e

Cheyletidae e
Erythraeidae e

Aseidae e

28 8

Actineda Actineda
vitis vitis
AUotrom-AUotromsp. .
bium bium
Trombidium Trombidium
sp. .

K.K. robustus
T.T. fuscipennis
Aptinot.Aptinot. rufus, S. citri

Mostafaa et al., 1975
MacGill,, 1939; Sorenson et
al,al, 1976
Franssen,, 1960; Morison,
1968;; Lewis, 1973
Franssen,, 1960
Carl,, 1976

Sharga,, 1933; Lewis, 1973;
Eickwort,, 1983
sp. .
Cheyletus Cheyletus
LiothripsLiothrips oleae
Tominic,, 1950; Lewis, 1973
Erythrites Erythrites
sp. .
ScirtothripsScirtothrips citri
Eickwort,, 1983
Haupt-Haupt- brevicollis brevicollisAnaphot.Anaphot. obscurus, F. intonsa, Haplot.Lewh, 1973;
mannia mannia
aculeatus,aculeatus, T. liniarus, T. validus,
Ananthakrishnan,, 1984
Taeniot.Taeniot. atritus
Mitee order: Mesostigmata
sp. .
Lasioseius Lasioseius
F.F. occidentalis
Goodwinn and Steiner, 1996
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Tablee 1 -- continued
Family y

Genus s

Laelapidaee

Hypoaspis

Phytoseiidaee

Species s

Thripss prey (T. = Thrips,
F.F. = Frankliniella)
Mitee order: Mesostigmata
F.F. oecidentalis

References' '

Gilkesonefa/.,, 1990;
Gillespiee and Quiring, 1990;
Glockemann,, 1992
Glockemann,, 1992;
miles miles
F.F. oecidentalis
Bradsgaardd et al., 1996
Schwartz,, 1988; Grout and
Amblyseius
addoensis
HeliothripsHeliothrips sylvanus, Seirtothrips
Richards,, 1992b
aurantii,aurantii, S. citri, T. tabaci
andersoni andersoni F.F. pallida, F. oecidentalis. T. tabaci Ramakers,, 1978; Dicke and
Groeneveld,, 1986;
Rodrigues-Reina^ff a/., 1992
Bakkerr and Klein, 1993
F.F. wiliamsii
artpo artpo
Ramakers,, 1978
aurescens aurescens T.T. tabaci
Ramakers,, 1978, 1980,
F.F. inlonsa. F. oecidentalis,
harkeri harkeri
T. palmi.
1988;Kajha,
T.
1986;
ParthenothripsParthenothrips draeaenae.1983..
tabaci.tabaci. T. simplex
Hansen,, 1988, 1989; Bakker
andSabelis,, 1989; Bonde,
1989;; Van der Hoeven and
Vann Rijn, 1990; RodriguesReinae/a/.,, 1992;Conijn,
1993;; Van Houten et ai,
1995a a
californicuscalifornicus
F. oecidentalis, Retithrips syriacus
Swirskii et al, 1970;
(== chilenensis)
Rodrigues-Reinaera/.,, 1992
aculeifer

citricitri

Seirtothrips aurantii

Schwartz,, 1993; Grout and
Stephen,, 1993; Grout, 1994
MacGill,, 1939; Ramakers,
cucumeris cucumerisF.F. tritici, F. oecidentalis, T.
1978,, 1980, 1983, 1988; De
obscuratus,obscuratus, T. tabaci
Klerkk and Ramakers. 1986;
Gillespie,, 1989; Castagnoli
andd Simoni, 1990; Steiner,
1990;; Shipp and Whitfield,
1991;; Van Houten and Van
Stratum,, 1995
Vann Houten and Van
F.F. oecidentalis
degenerans degenerans
Stratum,, 1995; Van Houten
etet al, 1995a
F.F. oecidentalis, Retithrips syriacus Swirskii et ai, 1970; Van
hibisci hibisci
Houtenn et ai, 1995a
F.F. oecidentalis
Goodwinn and Steiner, 1996
lailae lailae
Kamburov,, 1971;
largoensis largoensisF.F. oecidentalis, Heliothrips
Simonishvili,,
haemorrhoidalis,haemorrhoidalis, Retithrips
syriacus 1976;
Goodwinn and Steiner, 1996
Goodwinn and Steiner, 1996
lentiginososuslentiginososus
F. oecidentalis
Swirskii and Dorzia, 1968;
limonicuslimonicus
F. oecidentalis, Retithrips syriacus
Vann Houten et ai, 1995a;
Vann Houten, 1996
Kajitaa 1986; Chang et al. 1993
T. palmi
longispinosuslongispinosus
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Tablee 1 -- continued
Family y

Genus s

Species s

Thripss prey (T. = Thrips,
F.F. = Frankliniella)
Mitee order: Mesostigmata
[Phytoseiidae] ] [Ambly [Ambly
%eius\%eius\ manihoti
F,F, wiliamsii
masiaka masiaka F.F. occidentalis

References' '

Bakkerr and Klein, 1993
Goodwinn and Steiner, 1996

F.F. occidentalis
montdorensis montdorensis
Goodwinn and Steiner, 1996
multidentatus multidentatus
T.T. palmi
Change// al., 1993
okinawanus okinawanus
T.T. palmi
Kajita,, 1986
scutascuta I is
F.F. occidentalis, Retithrips syriacus, Swirskii et al., 1967b; Morse
(—(— rubini ScirtothripsScirtothrips citri
etet al., 1986; Bounfour and
== gossipi)
McMurtry,, 1987; Van
Houtenn et al., 1995a
sessor sessor
HaplothripsHaplothrips subtilissimus, T.Carl,,
tabaci
1976; Sciarappa and
Swift,, 1977; Beglyarov and
Suchalkin,, 1983
stipulatus stipulatus ScirtothripsScirtothrips citri
Morsee et a I., 1986
swirskii swirskii
RetithripsRetithrips syriacus, T. tabaci Swirskii et at., 1967b; Hoda
etet al. 1986; Vartapetov, 1971
tularensis tularensis F.F. occidentalis. Scirtothrips citri
Tanigoshiera/.,, 1983, 1984,
(hibisci(hibisci -1985)
1985;; Congdon and
McMurtry,, 1988; Morse et
at.,at., 1986;Grafton-Cardwell
andd Ouyang, 1995b; Van
Houtenn et al., 1995a
waltersi waltersi
F.F. occidentalis
Goodwinn and Steiner, 1996
Typhlo-Typhlo-athiasae athiasae RetithripsRetithrips syriacus
Swirskii et al., 1967a
dromus dromuscaudiglans caudiglans
HaplothripsHaplothrips kurdjumovi
Nakahara,, 1985
occidentalis occidentalis
RetithripsRetithrips syriacus
Swirskii and Dorzia, 1969;
pyri pyri
DrepanothripsDrepanothrips reuteri Engell and Ohnesorge, 1994
1)) As the predators of thrips mentioned in Thompson and Simmonds (1965) and Hertmg and Simmonds
(1971)) are listed in Lewis (1973), only the latter publication is mentioned as a reference.

GeocorisGeocoris spp. (Benedict and Cothran, 1980; Stoltz and Stern, 1978; Gonzalez and
Wilson,, 1982; Yano, 1996; Chang et al., 1993; Mohandaniel et al., 1983; Sureshkumar
andd Ananthakrishnan, 1985; Ananthakrishnan, 1984; Callan, 1975; Goodwin and
Steiner,, 1996). Although the range of prey sizes and species is quite large {e.g. Lattin,
1989;; Tamaki and Weeks, 1972; Riudavets, 1995), there is some field evidence
suggestingg that populations of surface-dwelling thrips in crops like alfalfa, cotton and
beann decrease when populations of Geocoris spp. and Nabis spp. increase (Benedict and
Cothran,, 1980; Stoltz and McNeal, 1982; Yano, 1996). Sureshkumar and
Ananthakrishnann (1985) noted that Geocoris ochropterus Fabricius readily feeds on
surface-dwellingg thrips on groundnuts. The adults feed most frequently on second, rather
thann first instar larvae. Perhaps this indicates a general pattern where intermediate-sized
predatorss tend to prefer thrips stages with larger body size, but this hypothesis needs
scrutiny. .
Anotherr group of intermediate-sized heteropteran predators, the Miridae, contain
severall species that definitely feed on surface-dwelling thrips (Table 1). In India a
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speciess of Psallus was observed to feed on Thrips distalis. The young predators attack
mainlyy thrips larvae by piercing at the top of the abdomen, but starting from the 4th
instarr up to the adult they feed both on larval and adult thrips and these attacks are
directedd to various sites of the thrips body (Rajesekhara and Chatterji, 1970). In the
West-Indiess and Mexico, a species of Termatophylidea was found to be a predator of
cacaoo thrips larvae (Van Doesburg, 1964; Callan, 1975). In Bulgaria Macrolophus spp.
weree found abundant on tobacco and kept thrips populations at low densities (Dimitrov,
1975,, 1977). Some other mirids have been observed to feed on thrips larvae, but cannot
completee their development on a diet of thrips. For example, a species of Deraeocoris
waswas observed to feed on thrips, but required aphids to reach maturity (Zavodtshikova,
1974).. During the last decade some new mirid predators from Southern Europe were
demonstratedd to be good predators of surface-dwelling thrips, such as Dicyphus
tamaniniitamaninii Wagner in Spain (Gabarra et al., 1988, 1995; Salamero et ai, 1987; Alomar et
ai,ai, 1991, 3994; Riudavets et al, 1993; Wang, 1995; Albajes et ai, 1996) and
MacrolophusMacrolophus caliginosus Wagner (Fauvel et al., 1987; Riudavets et ai, 1995; Castané et
al.,al., 1996) and in Asia Campylomma chinensis Schuh and C. livida Reuter were also
recentlyy recognized as a predators of Thrips palmi Karny (Hirose et ai, 1993; Chang et
ai,ai, 1993; Wang, 1995). In yet another recent study two mirid bugs, Dicyphus
rhododendrirhododendri Dolling and Rhinocapsus vanduzeei Uhler, were identified as important
predatorss of Heterothrips azaleae Hood on Florida azaleas (Braman and Beshear, 1994).
Thee most compelling evidence for predation on thrips comes from studies on
relativelyy small-sized heteropteran predators, the minute pirate bugs in the family
Anthocoridaee (Lewis, 1973; Anathakrishnan and Sureshkumar, 1985; Riudavets, 1995;
andd other references in Table 1). Observations of anthocorids feeding on gall-forming
thripss are very rare; Lewis (1973) refers to one case of Montandoniola moraguesi Put.
feedingg on eggs of the gall thrips Gynaikothrips ficorum. The majority of studies relate
too predation on surface-dwelling thrips. Some of the most well known species are Orius
tristicolortristicolor (White) and Orius insidiosus (Say) in North America (Kelton, 1963), Orius
majusculusmajusculus (Reuter) Orius minutus (L.) and Orius niger Wolff in the palaearctic region
(Péricart,, 1972), Orius laevigatus (Fieber) near the Mediterranean coasts and Orius
albidipennisalbidipennis (Reuter) in Mediterranean countries (Péricart, 1972), Orius sauteri
(Poppius)) in Japan and China (Hemiptera: Anthocoridae) (Wang, 1995; Yano, 1996) and
OriusOrius maxidentex Ghauri, Orius tantillus (Mots.) and Orius indicus (L.) in India
(Anathakrishnann and Sureshkumar, 1985). Usually, both the nymphs and the adults of
thesee predators feed on first and second instar larvae as well as adults of the thrips
(Bennett,, 1965; Isenhour and Yeargan, 1981b; Nagai, 1991; Lichtenauer and Sell, 1993).
Theyy pierce thrips either in head, thorax or abdomen, often holding down the struggling
preyy by their forelegs. According to Lichtenauer and Sell (1993) Orius minutus also
causess some mortality of western flower thrips eggs despite the fact that these are
insertedd into leaves. However, Nagai (1991) found no evidence for predation on palm
thripss eggs by Orius sauteri.
Thripophagouss thrips
Theree are several species of thrips with a predominantly predatory life style (Table 1).
Here,, we focus on those predatory thrips that among others feed on other species of
thrips.. Being of the same size and shape as phytophagous thrips thripophagous thrips
occupyy a unique position. For one thing they are expected to reach similar growth
capacitiess (or even higher due to high quality food) and for another they should be able
too reach the same sites on a plant. Indeed, their intrinsic growth rates are among the
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highestt for the Thysanoptera (c, 0.2 day ' at 25 °C; Gilstrap and Oatman, 1976; Coville
andd Allen, 1976; Selhorst et a!., 1991) and they have been frequently found in galls and
thee typical sites occupied by interstitial dwellers. Lewis (1973; p. 52-53) provides a
descriptionn of the thrips fauna inhabiting the galls of Liothrips kuwanai on Piper and
GynaikothripsGynaikothrips uzeli Zimm. on Ficus and Mesothrips claripennis Moulton on Bladhia.
Apartt from several inquilinous thrips also a predatory thrips (Mesandrothrips inquilinus
(Priesner))) inhabits the galls. Similarly, the predator, Androthrips flavipes Karny, is
foundd in thrips galls of Arrhenothrips ramakrishnae Hood on Mimusops elengi
(Ananthakrishnan(Ananthakrishnan and Varadarasan, 1977), Crotonothrips dantahasta on Memecylon
edule,edule, Schedothrips orientalis on Ventilago maderasapatana (Anathankrishnan, 1984).
Byy inhabiting galls, they gain both protection and prey. Androthrips flavipes Karny feeds
onn eggs and larvae of gall thrips (Ananthakrishnan, 1984; Sureshkumar and
Ananthakrishnan,, 1987). According to Varadarasan and Anathakrishnan (1981) this
predatorr can have a considerable impact on gall thrips, such as Thilakothrips babuli.
However,, when other similar or slightly larger predators manage to enter mature galls,
thenn not only gall thrips but also the predatory thrips may suffer from predation. For
example,, the anthocorid bug Montandoniola moraguesi Puton does not only feed on
eggs,, larvae and adults of gall thrips (Muraleedharan and Ananthakrishnan, 1971), but
alsoo on Androthrips flavipes Karny in galls of Gynaikothrips flaviantennatus on
CaseariaCasearia tomentosa (Ananthakrishnan, 1984).
AA similar picture applies to thrips as predators of the interstitial-dwelling thrips. For
example,, predatory thrips can be found abundantly in the leaf sheaths of graminaceous
plants,, such as Aeolothrips intermedins Bagnall in winter wheat (Patrzich and Klumpp,
1991).. However, Aeolothrips intermedins Bagnall also feeds on surface-dwelling thrips,
suchh as Thrips tabaci Lindeman, He liothrips haemorrhoidalis Bouché and Odontothrips
confususconfusus Priesner (Bournier et ai, 1978, 1979; Lacasa et al., 1982, 1989; Lacasa, 1988;
Derbeneva,, 1967). Similarly, the predatory thrips Aeolothrips fasciatus (Linnaeus) has
beenn observed to feed on the surface dwelling Sericothrips variabilis (Beach) on
soybeann (Robinson et al., 1972). Adults of predatory thrips, such as Erythrothrips
asiaticusasiaticus Ram. and Marg., Franklinothrips megalops (Trybom), appear to feed primarily
onn eggs of various surface-dwelling thrips on various host plants, whereas the larvae of
thesee predators feed on all mobile stages (Sureshkumar and Ananthakrishnan, 1987).
Phytoseiidd mites
Manyy species of plant-inhabiting, phytoseiid mites feed on thrips (Table 1), yet they are
usuallyy smaller than their prey when comparing the adults. An advantage of the smaller
sizee is that predators can reach sites where thrips may be protected against larger
predators.. This leads to a greater co-incidence between predator and prey. To our
knowledgee there are no published reports on the occurrence of phytoseiid mites in thrips
galls,, which is surprising, as they have been recorded in relatively old and open galls of
tinyy eriophyoid mites. A higher coincidence with interstitial dwellers is occasionally
mentioned.. For example, Ramakers (1978) noted that Amblyseius cucumeris
(Oudemans),, as well as onion thrips larvae, reside in the narrow crevices between calyx
andd young fruit and in tufts of hair near veins. In addition, Van Houten and Van Stratum
(1995)) showed that Amblyseius degenerans (Berlese) frequents sweet pepper flowers
muchh more than does Amblyseius cucumeris (Oudemans) and may therefore have a
higherr coincidence with western flower thrips larvae. All in all, there is still little known
off the ability of phytoseiid mites to invade the hiding places of thrips, which calls for
moree detailed study!
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AA disadvantage of the small size of the phytoseiid mites is that they have difficulty
seizingg the relatively larger stages of the thrips. Indeed, adult thrips appear hard to
subduee by phytoseiid mites due to their superior size and, in addition, due to their ability
too jump or fly away (Kajita, 1986; Gillespie, 1989). Thrips larvae seem to be more easy
prey.. They are frequently successfully attacked when the predatory mite approaches the
larvaee from aside (McGill, 1939; Kajita, 1986; Bakker and Sabelis, 1986, 1989),
especiallyy when young because then they are smaller than their predator, and less
capablee to counter attacks by jerking or wagging their abdomen. Indeed, phytoseiid
mites,, such as Amblyseius cucumeris (Oudemans) and Amblyseius barken (Hughes),
capturee first instar larvae with much higher success, than second instar larvae (Bakker
andd Sabelis, 1986, 1989; Kajita, 1986; Van der Hoeven and Van Rijn, 1990). This
differentiall attack success is partially explained by the defensive behaviour; aneasthesia
off the thrips larvae led to an increase in the capture-success ratio, but this treatment still
didd not lead a very high capture success and , more importantly, it did not level off the
differencess in capture success between the two larval instars of thrips. Bakker and
Sabeliss (1989) hypothesize that first and second instar thrips larvae may differ either in
cuticlee toughness, or food quality. Alternatively, - assuming the predators cannot
perfectlyy recognize the anaesthetized state of their prey - the two larval thrips instars
mayy differ in the risks they signal to the phytoseiid mites due to differences in their
defensivee capacity (when not-anaesthetized).
Givenn that the adult phytoseiid mites have difficulty in overcoming the defenses of
evenn the smallest larval thrips instar, the juvenile phytoseiids experience these
difficultiess even more and may even not be able to attack thrips larvae at all (Sengonca
andd Bendiek, 1988) or have a reduced probability of attack (Shipp and Whitfield, 1991).
Iff so, the juvenile phytoseiids have three options (apart from dispersal): (1) feed on thrips
larvaee killed by adult phytoseiid mites, (2) cannibalize conspecific individuals, and (3)
feedd on other prey or alternative foods. Each of these possibilities occur. Cloutier and
Johnsonn (1993) found that juveniles stand a better chance to reach adulthood when close

Tablee 2a Selected life history data of insect species known as predators of thrips. Main
groupss are: ladybirds, heteropteran predators (excuding anthocorids), anthocorids and
predatoryy thrips. All data were measured at 25-27 °C or the closest temperature
available,, and refer to the sexually reproducing species/strains. Bracketed values
representt our estimates from original data: as for rm (see Appendix 1 for the two
proceduress indicated by a and b), oviposition rate (calculated as the ratio between total
fecundityy and oviposition period), egg-to-egg period (1.2 x juvenile period), and size
(basedd on closely related species).
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Tablee 2 a

continued
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** Alauzeterö/., 1990, 1992, 1994; Albajesef a!., 1996; Anderson, 1962; Boumier et al.,
1978;; Carnero et al, 1993; Coville and Allen, 1976; Dunbar and Bacon, 1972b; Fauvel
etet al., 1987; Gerlach and Sengonca, 1985; Kalushkov, 1994; Mukhopadhyay and
Sannigrahi,, 1993; Nakashima et al., 1996; Niemczyk, 1978; Obrycki and Tauber, 1982;
Parellaa et al., 1982; Perkins and Watson, 1972; Rajasekhara and Chatterji, 1970;
Richardss and Schmidt, 1996; Salas-Aguilar and Ehler, 1977; Selhorst et al., 1991;
Sundby,, 1966; SureshKumar and Ananthakrishnan, 1984; Sureshkumar and
Ananthakrishnan,, 1987; Tawfik and Nagui, 1965; Taylor, 1949; Van den Meiracker,
1999;; Wright and Laing, 1978
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Tablee 2b Selected life history data of mite species known as predators of thrips. For
explanation,, see Table 2a.
Lifee history data
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** Amano and Chant, 1978; Bonde, 1989; Castagnoli and Simoni, 1990; Lababidi, 1988;
McMurtryy and Scriven, 1965; Momen and El-Saway, 1993; Ragusa and Zedan, 1988;
Sciarappaa and Swift, 1977; Shereef et al., 1980; Takafuji and Chant, 1976; Tanaka and
Kashio,, 1977; Tanigoshi et al, 1983; Yousef and El-Halawany, 1982; Zhimo and
McMurtry,, 1990.

too an adult phytoseiid and actually observed feeding by the juveniles on thrips larvae
parpartiallyy consumed by the adult phytoseiids. In addition, cannibalism among juvenile
phytoseiidss is frequently observed when they are sufficiently starved; the larger stages
subduee the smaller ones and the strong subdue the weak or lethargic individuals. Finally,
alternativee prey, such as tetranychid, tarsonemid and eriophyoid mites, are fed upon and
severall pollen species have proven to be food of sufficient quality for completing
developmentt and even for oviposition {e.g. Swirski et al., 1967ab, 1970; Van Rijn and
Vann Houten, 1991; Duso and Camporese, 1991; Van Houten etal., 1995a).
Attackk success on other stages than larvae and adults has been little studied. If
pupationn occurs in the soil litter beneath the plant and the eggs are deeply inserted into
thee leaf, then these stages are out of reach for phytoseiid mites. However, pupation may
alsoo take place on the plant and the eggs may vary in the degree to which they stick out
off the leaf, depending on the thrips species, the host plant or a combination of these. To
whatt extent these stages can be fed upon is not really known, but tacitly assumed to be
non-existent.. This assumption, however, may need scrutiny.
Thee above features, as illustrated for the case of Amblyseius cucumeris (Oudemans)
andd Amblyseius barkeri (Hughes) attacking onion thrips or western flower thrips,
generallyy apply to phytoseiid mites in a qualitative sense, but the quantitative details
dependd on the species or strain of predator and thrips. For example, Amblyseius
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cucumeriscucumeris (Oudemans) has a stronger ability to attack first and second instar larvae of
thee onion thrips than Amblyseius barken (Hughes) {Bakker and Sabelis, 1986, 1989) and
itt has a higher rate of oviposition and predation on western flower thrips larvae, than a
non-diapausee strain of Amblyseius barkeri (Hughes) (Van Houten et ai, 1995ab). The
latterr authors found even higher rates of predation and oviposition for Amblyseius
limonicuslimonicus Garman and McGregor, compared to Amblyseius cucumeris (Oudemans) (nondiapausee strain), more or less equal rates for Amblyseius hibisci (Chant) and Amblyseius
degeneransdegenerans (Berlese) and, in addition, much lower rates for Amblyseius scutalis (AthiasHenriot)) and Amblyseius tularensis Congdon. Although the latter two species perform
badlyy against western flower thrips larvae, they can feed and reproduce readily when
offeredd larvae of other thrips species; Amblyseius scutalis (Athias-Henriot) and
AmblyseiusAmblyseius tularensis Congdon feed on larvae of the citrus thrips, Scirtothrips citri
Moultonn (Bounfour and McMurtry, 1987; Tanigoshi etal., 1983, 1984, 1985; Tanigoshi,
1991;; Jones and Morse, 1995). Also, predatory mites that proved effective against larvae
off several thrips species, appear incapable to subdue larvae of particular thrips species.
Forr example, Amblyseius barkeri (Hughes), Euseius hibisci (Chant), Amblyseius
degeneransdegenerans (Berlese) and Typhlodromus rickeri Chant do not manage to kill first instar
larvaee of Heliothrips haemorrhoidalis on avocado (McMurtry and Badii, 1991).
Apparently,, the defense of these larvae is very effective; upon contact the thrips larvae
bendd the tip of the abdomen upward toward the predator and often discharge a fecal
droplett on the mite, which not only thwarted the attack, but also caused the predatory
mitee to become stuck to the substrate (McMurtry and Badii, 1991).
Thee overall picture of the interspecific differences is quite confusing, as there seem to be
noo obvious morphological adaptations enabling predatory mites to attack thrips larvae
andd little is known of the differences in chemical composition of the anal exudates and in
defensivee behaviour of the thrips larvae. Hence, interspecific differences may be
explainedd by analysing behaviour, tolerance to chemicals from thrips exudate and food
qualityy of thrips, and (by absence of morphological adapatations) one may expect that
selectionn can act on a rather short time-scale, thereby finetuning the predator-prey
relation.. One should realize that the results on attack success referred to above stem from
predator-preyy systems with either a long or virtually no evolutionary history. Just how
muchh genetic variation is present in the populations and just how fast selection can lead
too improved attack, is not only a fundamental ecological question, but it may well turn
outout to be of great practical importance too. A first hint on the time scale of selection can
bee obtained from oviposition experiments showing improved rates of oviposition of
thrips-fedd predatory mites {Amblyseius cucumeris (Oudemans)) within 3 successive
generationss (Castagnoli and Simoni, 1990). In many cases the predatory mites are reared
onn entirely different prey or even pollen. Apart from the effects of selection under
rearingg conditions the food may also create dietary deficiencies that alter attack
behaviourr toward a novel prey type. For example, Amblyseius andersoni (Chant) reared
onn two-spotted spider mites does not répond to odours emanating from thrips-infested
Limaa bean plants, irrespective of whether it is satiated or (moderately) starved. However,
whenn reared on a diet of broad bean pollen, they do respond and this response wanes
whenn the carotenoid deficiency of the pollen is complemented by adding vitamine-A or
P-carotenee to the diet (Dicke et al., 1986; Dicke and Groeneveld, 1986). Similarly,
AmblyseiusAmblyseius cucumeris (Oudemans) captures larvae of the western flower thrips with
muchh higher success when reared on broad bean pollen, and this capture success
decreasess gradually after successive feeding events on thrips larvae (Van der Hoeven and
Vann Rijn, 1990). The rationale of these diet-dependent responses may be that rearing
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dietss create nutritional deficiencies in predatory mites (e.g. P-carotene or Vitamin-A are
indispensablee for diapause induction and termination) and these may lead to responses
thatt may help to counterbalance them (feed on other phytophagous arthropods). In
conclusionn one should be really cautious in interpreting differential attack success of
predatoryy mites.
Otherr thrips-eating mites
Severall non-phytoseiid mites have been reported to feed on thrips larvae or eggs
(Eickwort,, 1983; Table 1). Among the largest of these mites are trombidiid and
erythraeidd mites, as well as the so-called whirligig mites (Anystidae). Anystis agilis
(Banks)) is a fast running, generalist predator that is thought to prefer thrips larvae to
spiderr mites (Mostafa et al, 1975; Sorenson et ah, 1976). It develops quite slowly and
hass only few generations per year. It is considered to have an impact on citrus thrips only
earlyy in spring when other predators are still present in very low densities.

Tablee 3a Rate of predation on thrips (prey/day) by various insect predators. Main
groups:: Mantidae, Heteroptera (Miridae), Heteroptera (Anthocoridae).
LifetimeLifetime means are calculated by weighing the predation rates of all (female) predator
stagess by their share in a stable growing population (stable age distribution, rm as in
Tablee 2). For species with no data on predation by juveniles, the ratio between lifetime
meann and adult predation is assumed to be similar for all species within the same family
(ratioss between 0.21 and 0.26). To add the contribution of males in the population, these
valuesvalues are increased by 25 to 100%, depending on sex ratio and relative predation
capacity,, as discussed in the text. When several data sets are available for a single
species,, the median value is used to calculate the lifetime means.
M a x i m u mm predation rate (thrips/day) of

Prey y
Species s

Preyy species

stage

NI

Haldwania Haldwania ZaniothripsZaniothrips

N3 3

N2

N4 4

Refs* *

N5 5

Mea83 3

Adult

lilliputana lilliputana
ThripsThrips palmi
Campylomma Campylomma

Larva

3.2

7.4

19.5 5

7.9

26.99

29.1

(12.4) )

chinensis chinensis
C.C. livida

i. palmi

DicyphusDicyphus tamaninii

L2 2

8.6 6

Larva a
Fmnkliniella

24.1 1

(10.3) )

Cea93 3

12.7 7

(6.7) )

Aea96 6

14.3

18.4

occidenlalis occidenlalis
ScirtothripsScirtothrips
Carayonocoris Carayonocoris
indicus indicus

Larva

4.8

6.3

8.1

9.1

10.6

Larva

0.0

2.1

2.6

3.2

0.0

(8.8)

SA84

dorsalis dorsalis
HaphthripsHaphthrips

MA78

ganglibaueri ganglibaueri
GynaikothripsGynaikothrips
Montandoniola Montandoniola
moraguesi moraguesi

Larva

2.9

2.8

5.6

6.2

3.1

4.4

4.6

0.0

5.9

(4.2)

TN65

ficorum ficorum
GynaikothripsGynaikothrips
flaviantennatusflaviantennatus

Larva/

0.0

MA78

Adult
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Tablee 3a - continued
M a x i m u mm predation rate(thrips sday)) o f

%%

Prey y
Species s
OriusOrius

Preyy species
indicus

*3 3

stage e N l l

N2 2

N33

N4

N5 5

<<

<<

EE

~

££
'3'3

g
E

4.5 5

1.5 5
LI I
Megalurathrips Megalurathrips

Refs* *
RC70 0

nigricornis nigricornis
inxitiiosus

33

2.5 5

Adult t
OO

LI I
Sericothrips Sericothrips

4.4 4

10.3 3

14 4

17.2 2

19 9

variabilis variabilisL2 2

3.4 4

9.3 3

12.3 3

14.3 3

15.2 2

1.9 9

5.3 3

10.8 8

14.5 5

17.3 3

12.2 2

19.2 2

SR87 7

Adult t
Adult t
Caliohrips Caliohrips

(9.1) )

IY81b b

phaseoli phaseoli
FF

accidentalis Adult t

11.5 5

CR95 5

F.F.

accidentalis Adult t

12,1 1

TN93 3

O.O. leavigatus

F.F.

occidentalis Adult t

12.5 5

TN93 3

OO

F.F.

occidentalis Larva a 0.0 0

F.F.

occidentalis Adult t

11.8 8

TN93 3

majuseulus

().().

maxidenlex

S.S. dorsalis

OO

minutus

F.F.

Larva a 4.0 0

6.9 9

6.9 9

7.33

9.99

7.2

10.0

0.0 0

15.5 5

occidentalis LI I
L2 2

OO

niger

19.5 5

25.3 3

(12.1) )

SA84 4

11.1 1

14.5 5

(6.9) )

LS93 3

10.6 6

13.1 1
(8.4) )

C76 6

Larva a
ThripsThrips tabaci

17.5 5

occidentalis Adult t

12.5 5

F.F.
().(). suuteri

Hea93 3

T.T. palmi

L2 2

22 2

Adult t

26 6

T,T, palmi

L2 2

T.T. palmi

Larva a 3.1 1

-2.8 8

5.77

6.8

15 5

——

6.7 7

6.4 4

TN93 3
(10.5) )

N91 1

Cca93 3
6.3 3

(5.0) )

W95 5

** Albajes et al, 1996; Carl, 1976; Change a/., 1993; Coll and Ridgway, 1995; Husseini
etet al., 1993; Isenhour and Yeargan, 1981b; Lichtenauer and Sell, 1993; Mohandaniel et
al.,al., 1983; Muraleedharan and Ananthakrishnan, 1978; Nagai, 1991; Rajasekhara and
Chatterji,, 1970; Saucedo-Gonzalez and Reyes-Villanueva, 1987; Sureshkumar and
Ananthakrishnan,, 1984; Tawfik and Nagui, 1965; Tommasini and Nicoli, 1993; Wang,
1995. .

Otherr non-phytoseiid predatory mites are more or less similar in size to the
phytoseiidd mites. As an adult they match the size of a young second-instar thrips larva.
Thee laelapid mite, Hypoaspis aculeifer Canestrini (Gillespie and Quiring, 1990) and
HypoaspisHypoaspis miles {Berlese) (Glockemann, 1992), have been introduced in greenhouses to
controll sciarid flies and western flower thrips. As these predators are usually soilinhabiting,, they may have an impact on mortality of thrips pupae, as shown for
HypoaspisHypoaspis miles (Berlese) by Bredsgaard et al. (1996). Predation on thrips eggs and
larvaee has not been studied. However, the number of predatory mites needed to achieve
somee impact appears to be exceedingly large (6000 per plant; Gillespie and Quiring,
1990).. This suggests that these laelapid soil-inhabiting predators are not very efficient in
controllingg thrips, but may well complement the action of foliage-dwelling predators of
thrips.. Other somewhat smaller, leaf-inhabiting predatory mites are found among the pro-
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Tablee 3b Rateoff predation on thrips (prey/day) by various insect and mite predators.
Mainn groups: Chrysopidae,, beetles (Coccinellidae), thrips (Aeolothripidae), mites
(Phytoseiidae). .
Maximumm predation rate (thrips/day) of

ËË ~
Preyy stage
Species s
Preyy species
ChrysopaChrysopa sp.Selenolhrips Selenolhrips
Larva a
rubrocinctus rubrocinctus
ZaniothripsZaniothrips ricini
MicraspisMicraspis cardoni

L1
——

L2

LI I
AmbhseiusAmbhseius Frankliniella
barkeri
Frankliniella
occidentalis occidentalis
Larva a
TT labaci
LI I
T.T. labaci
ThripsThrips palmi LI I
LI I
F.F. occidentalis
A.A. cucumehs
LI I
F,F, occidentalis
LI I
F.F. occidentalis
LI I
F,F, occidentalis
LI I
T.T. tabaci
Larva a
F.F. occidentalis
LI I
A.A. degenerans
F.F. occidentalis
LI I
A.A. hibisci
F.F. occidentalis
LI I
AA limonicus
F.F. occidentalis
Li i
A.A. okinawanus
T.T. palmi
LI I
F.F. occidentalis
A.A. scutalis
Larva a
T.T. tabaci
A.A. swirskii
LI I
F.F. occidentalis
A.A. tularensis

3.8 8

Ë

—

Refs*
C43 3

Mea83 3

20 0

L2/ Adult

ThripsThrips labaci
L2
AA eo loth rips
intermedium intermedium
L2 2
HeHe Ho thrips
haemorrhoidalis haemorrhoidalis
L2 2
Odontothrips Odontothrips
confusus confusus
Larva a
Franklinothrips Franklinothrips
Z.Z. ricini
megalops megalops
CaliolhripsCaliolhrips indicus L2 5.3 3
Erythrothrips Erythrothrips
C.C. indicus
asiaticus asiaticus

'JJ
14.2

9.5 5

——

8.5 5

——

5.6 6

——

Bea79 9

4-5 5

——

Mea83 3

Bea79 9
(0) )

(3.3) )

9.9 9

(3.8) )

7.4 4

(2.8) )

SA87 7
SA87 7

VHea95a a

2.6 6

1.02 2
0.80 0
0.87 7

Bea79 9

4.3 3
8.5 5
2.0 0
6.0 0
6.9 9
10.0 0
3.2 2
5.4 4

(1.25) )

4.4 4
3.5 5
6.9 9
1.0 0
1.3 3
1.8 8
0.5 5

(1.40) )
(0.99) )
(1.95) )

(1.56) )

(0.37) )
(0.50) )

B89 9
P87 7
K86 6
VHea95a a
SW9I I
SW91 1
Cea90 0
Cea90 0
CJ93 3
VHea95a a
VHea95a a
VHea95a a
K86 6
VHea95a a
Hea86 6
VHea95a a

** Bonde, 1989; Bournier et ai, 1979; Callan, 1943; Castagnoli et ai, 1990; Cloutier and
Johnson,, 1993; Hoda et ai, 1986; Kajita, 1986; Mohandaniel et ai, 1983; Piatkowski,
1987;; Shipp and Whitfield, 1991; Sureshkumar and Ananthakrishnan, 1987; Van Houten
etet ai, 1995a
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stigmaticc mites, e.g. Cheyletus spp. that feed on eggs of Liothrips oleae (Tominic, 1950).
Heterostigmaticc mites in the families Pyemotidae and Acarophenacidae are the smallest
enemiess of thrips. With a length of c. 0.2 mm their adults are even smaller than the eggs
off thrips. In fact they are more adequately characterized as parasitoids (Eickwort, 1983).
Theyy have been found in thrips galls, such as the pyemotid mite, Pyemotes sp., in leaf
rolll galls of Gynaikothrips ficorum in Brazil (Bennett, 1965), and adult female mites of
AdactylidiumAdactylidium (Acarophenacidae) have been observed feeding on eggs of Gynaikothrips
inn Egypt (Elbadry and Tawfik, 1966). Unengorged female Adactylidium have been
collectedd from adult thrips (Cross, 1965), suggesting a phoretic adaptation.

Predator-preyy dynamics
Relativee body size is probably a key to understanding the dynamics of arthropod
predator-preyy systems, because the maximum rate of predation usually increases with
bodyy size, whereas the intrinsic rate of population increase usually decreases with body
sizee (Sabelis, 1992). Thus, there are two aspects of increased body size with opposite
effectss on the ability to control prey populations; on the one hand the functional response
too prey density may be increased, but on the other the numerical response to prey density
mayy be retarded relative to the prey's capacity to increase. Whether these opposite
effectss have a positive or negative influence on the ability to control the prey, remains to
bee elucidated by a more detailed analysis of the specific predator-prey system under
study.. This is the primary aim of this section.
Intrinsicc prey suppression capacity: model and predictions
Too estimate the intrinsic potential of predatory arthropods to reduce thrips populations it
iss necessary to combine predation characteristics and growth capacities of predator and
preyy into a single measure. Such a measure can be derived from a simple one-predatorone-preyy model proposed by Sabelis (1992) and Janssen and Sabelis (1992). This model
assumess a small spatial scale with a coherent local population of prey (the prey-pancake
assumption).. The prey density is assumed to be sufficient to motivate the colonizing
predatorss and their offspring to stay until virtually all prey are eaten. The predators do
notnot disperse from the local population until after prey extinction (the arrestment
assumption).. The prey distribution within the local population and the foraging
behaviourr of the predator is such that the rate of predation is continuously at the plateau
off the functional response curve (the pancake-predation assumption). This requires
predatorss that forage optimally in that they frequent sites harbouring sufficiently high
thripss densities to reach maximum predation rates and spend negligible time travelling
betweenn sites. Per capita population growth rates of predator and of prey (in absence of
predator)) are assumed to be constant (the assumption on stable age-distribution and
absenceabsence ofintraspecific competition). Clearly, this model estimates the intrinsic capacity
forr prey population suppression, because predator and prey capacities are taken to their
extremes.. The assumptions lead to linear equations differing from the classic LotkaVolterraa models only in that the predation term now only depends on the number of
predators: :
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^^

dt dt

d PP

= aN-pP
A>

—— = yP
dt dt
Here,, at time / = time since start of predator-prey interaction, N, = number of prey at
timee t, P, = number of predators at time f, a = rate of prey population growth, /? =
maximumm predation rate and, / = rate of predator population growth. Analytic solutions
forr the number of predators and prey since the start are readily obtained:
N,=N^-PN,=N^-PQQ-ê-{e?-é*) -ê-{e?-é*)
yy -a
PP = Per<
Thiss model exhibits continued exponential growth of the predators until a time r
whenn all prey are eaten (and the predators move on to another food source):

--

' -liifn-' - f l r "°

y-ay-a

^

/?

/>,

Threee types of dynamical behaviour of the prey population: (1) continuous decay
untill extinction, (2) initial increase, followed by decrease until extinction, and (3)
continuouss increase (but at a pace slower than the intrinsic rate of prey population
growth).. Clearly, predatory arthopods giving rise to the type-3 behaviour cannot prevent
locall prey population outbreaks (which in the real world would end upon reaching
carryingg capacity of the local food source). Type-1 or type-2 behaviour requires that the
(expressionn for the) time to extinction has a finite value. This leads to the following
condition: :
NN00

p

Type-11 behaviour (immediate decrease) occurs simply when:
aNaN00 <j3Pa or -^- > —
NN00 p
Givenn the initial numbers of predators and prey, estimates of their intrinsic rate of
populationn increase and their maximum predation rates it is possible to assess the
predatorr capacity to suppress the prey population to vanishingly small numbers. The
modell serves as a template to disguise predators that do not more than 'surf on prey
waves',, and thereby identify those that may drastically alter local prey population
fluctuations.. In this sense it is an instrument to further insight into the role of predators in
complexx food webs and may be of value to find candidates for short-term biological
controll in simple systems (such as greenhouse crops, their pest and natural enemies).
Dataa on life history from the literature (Table 2), on intrinsic growth rates, rm (and
somee provisional estimates thereof, based on Table 2) and rates of predation on thrips
(Tablee 3) were inserted into the preceding model. The outcome shows, indeed, that the
intrinsicc rate of predator population growth decreases with body size across taxa
(Fig.. lc), mainly because of an increasing juvenile period (Fig. la) and despite an
increasingg ovipositional rate (Fig. lb). Taking group means, body length is 0.4 mm for
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(d) )

Adultt size (mm)

(e) )

Adultt size (mm)

Figuree 1 Some life history and population growth characteristics of predators of thrips in
relationn to their size (provided they are less than 10 mm): (a) developmental period
(days),, (b) oviposition rate (eggs day"1), (c) intrinsic rate of increase (r„ day"1), (d)
predationn rate (weighted lifetime mean; thrips larvae day"1). Each point represents one
speciess of predator. The lines in a-d represent best fits of a power function (y-axh).
Takingg r,„ of the thrips equal to 0.17 day" and the initial predator-prey ratio equal to
1:50,, the time to prey extinction was calculated using the 'pancake' model (e), either
basedd on the data for each species (symbols) or on the power function fits in c and d
(line).. Form Table 2 only one data-pair per species was used. Selection was based on
completenesss of life-history information and on the type of diet (rank order: thrips,
spiderr mites, others), o, predatory mites (provided that oviposition rate exceeds 1 egg
day"1);; •, predatory thrips; A, anthocorids; A, other heteropteran predators; •, ladybird
beetles. .
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thee phytoseiids, 1.5 mm for the predatory thrips, 2.3 mm for the anthocorids and 4 mm
forr the mirids, whereas the intrinsic rate of increase is 0.19, 0.14, 0.13 and 0.12 day"1
respectivelyy and the predation rate of adult females (but larvae for predatory thrips) is c.
4.5,, 8, 37, 27 young thrips larvae/day, respectively.
Thesee prey consumption rates of adult female predators cannot be directly used in
thee model without making further assumptions. First, as the attack rates depend on the
preyy stage involved (Table 3), the mean attack rate should take the prey-stage
compositionn and the prey-stage preference into account. However, it is reasonable to
assumee that the supply of thrips larvae is a determinant of the maximum predation rate
becausee (1) the predation rate on young thrips larvae is always higher than on other
thripss stages, (2) the young larvae are the preferred prey stage and (3) they make up a
considerablee part of the thrips population (c. 20% for the western flower thrips). In
additionn to this assumption on prey stage selection it is necessary to assume that
differentiall attack on prey stages does not influence the age distribution and hence the
growthh rate of the prey. Also, it is necessary to correct the predation rate because attack
ratess depend on the stage of development of the predators (Table 3). This correction
followss directly from the assumptions on constant predation rates and exponential
growthh of the predators, as this implies a stable age distribution of the predators. Hence,
aa stage-weighted lifetime predation rate can be calculated by summing the products of
thee stage-specific predation rates (= /?,) and the stable proportion of each stage in the
predatorr population (=/>,•):

Thiss weighted predation rate needs further correction for the share of the males in
thee predator population. If males and females consume prey at equal rates, it suffices to
multiplyy the predation rate with the inverse of the sex ratio (s, = the proportion females
inn predator stage /'):

Iff the sex-specific predation rates differ, then the following formula applies:

i to
wheree q is the ratio of male-to-female predation rate.
Forr phytoseiid mites the group mean lifetime predation rate is about 1.5 thrips per
day,, assuming a sex ratio of 66%, a stable age distribution of the predators (31% nymphs
andd 13% adults), a predation rate of nymphs equal to 15% of the adults (Castagnoli et
al,al, 1990; data of Amblyseius cucumeris (Oudemans) in Table 3b), with the small males
halff as voracious as the females (q = 0.5). For anthocorid predators the weighted lifetime
predationn rate is c. 8.7 thrips per day, assuming a sex ratio of 55%, a stable age
distributionn of the predators (47% juveniles, 7% adults), a predation rate of the adults
equall to 6 thrips larvae per day and a predation rate of nymphs as reported for Orius
insidiosusinsidiosus Say (Isenhour and Yeargan, 1981b; Table 3a) and q equals unity. For mirid
predatorss the weighted lifetime predation rate is 11.4 thrips per day, assuming a sex ratio
off 50%, a stable age distribution of the predators (46% juveniles; 8% adults), a predation
ratee of the nymphs and adults according to data of Campylomma chinensis (Wang, 1995;
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Tablee 3a) and q equal to unity. In a similar way, the lifetime predation rate for each
predatorr species can be calculated (Fig. Id).
Takingg 0.17 day"1 as a the intrinsic rate of thrips population growth (chapter 2.1), we
cann calculate the time to thrips extinction for each separate predator species (Fig. le).
Forr a 1:50 predator-to-prey ratio the time from predator release to thrips extinction lasts
c.c. 26, 24, 6.5 and 5 days for the goup mean parameters of phytoseiids, predatory thrips,
anthocoridss and mirids respectively. Thrips extinction is predicted to be always be
reachedd by phytoseiid mites (since a < y), whereas it requires a predator-to-prey ratio
abovee 1:97 for predatory thrips, 1:217 for the anthocorids and 1:228 for the mirids. In
additionn the thrips population is expected to decline immediately after predator release
(type-11 dynamics) when the initial predator-to-prey ratio exceed c. 1:9 for phytoseiid
mites,, 1:17 for the predatory thrips, 1:51 for the anthocorids and 1:67 for the mirids. This
suggestss that type-1 dynamics is more likely to occur for the anthocorid and the mirid
predatorss than it is for the phytoseiid mites.
Validationn of model predictions on short term and local dynamics
Thee 'pancake' predation model is at best a good cariticature of arthropod predator-prey
interactions.. It captures the essence whenever local thrips densities are high enough and
thee spatial scale under consideration is chosen small enough to make strong coupling of
thee interacting populations a realistic assumption (Sabelis, 1992). Whether it also stands
upp to scrutiny in more quantitative tests remains to be seen. In any case its predictions
aree simple and testable, as will be shown below.
impactimpact of predator exclusion
Onee of the obvious predictions of the model is the occurrence of thrips outbreaks when
residentt predator populations are sufficiently reduced. The literature provides ample
evidencee for a strong impact of predators. Stoltz and Stern (1978) found increased
densitiess of western flower thrips on cotton in California and decreased densities of
GeocorisGeocoris pallens Stall and Orius tristicolor White under multiple dimethoate and naled
toxaphenee applications. Tanigoshi et al. (1984, 1985) used malathion to eliminate early
springg populations of Euseius tularensis in citrus orchards in California. They found that
predatorr exclusion led to much more damage by the citrus thrips, Scirtothrips citri
(Moulton)) (Tanigoshi, 1991). However, using isoelectric focusing electrophoresis Jones
andd Morse (1995) rarely found evidence for thrips predation in analysing the diet of
field-collectedfield-collected females of Euseius tularensis. They argue that one should be cautious in
inferringg predatory activity from laboratory observations on predation and field
experimentss on predator exclusion alone. Under field conditions the thrips may partially
occupyy other areas of the plant than its predator and therefore meet less frequently.
Moreover,, pesticides used for exclusion may eliminate other predators and may even
stimulatee thrips population growth by hormoligosis. That elimination of predatory mites
doess not always lead to increased thrips populations, was shown by McMurtry et al.
(1992).. They also applied malathion, like Tanigoshi et al. (1984, 1985) and found
increasess of citrus red mites, rather than of citrus thrips. A similar predator exclusion
approach,, now using a miticide dicofol, suggested that Euseius citri (Van der Merwe and
Ryke)) and Euseius addoensis addoensis (McMurtry) have an impact on citrus thrips,
ScirtothripsScirtothrips aurantii Faure, in southern Africa (Grout and Richards, 1992b; Grout,
1994).. However, to be sure one should have more insight in which predators feed on
thripss under field conditions (e.g. by using diet analysis techniques developed by Sopp et
al.al. (1992) and Greenstone and Trowell (1994)) and how the relevant natural enemies are
affectedd by dicofol. Somewhat more controlled experiments were carried out by Nagai
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(1990),, who used an insecticide (emulsion of fenthion) shown to be harmful to Orius sp.,
butbut hardly not to Thrips palmi Karny Japan (also suggesting no effects via the host plant,
i.e.i.e. hormoligosis). Thrips density on potted eggplants in a screenhouse with anthocorid
predatorss remained low in the untreated group of plants, but increased sharply on the
treatedd plants. However, Nagai (1990) did not provide precise quantitative information
onn the change in predator-to-prey ratio due to the insecticide application.
MinimalMinimal conditions for thrips suppression
Accordingg to the 'pancake' model thrips populations are predicted to grow indefinitely
whenn the predator-to-prey ratio is less than (ct-y)/p\ Thus, when a > y, thrips outbreaks
aree expected at low predator-to-prey ratios, as observed for Orius sp. by Kawai (1995)
onlyy in the experiment with the lowest release rate {= one Orius nymph at every other
plant).. Unfortunately, the precise predator-to-prey ratio cannot be determined because
thiss requires knowledge on the number of thrips per plant and the author only provided
thee mean number of thrips per leaf (= 1.3-1.9) (and not the number of leaves per plant).
Thus,, these data are not appropriate for a quantitative test of the model prediction on
outbreaks.. Another prediction of the 'pancake' model is, that thrips populations are
decimatedd as a rule, when a < y. This condition on the growth rates applies to most of
thee phytoseiid mites used for control of western flower thrips and onion thrips (Table 3).
However,, there are many cases where phytoseiid mites failed to control these thrips,
mostt of which concern releases of Amblyseius cucumeris (Oudemans) to control western
flowerr thrips on cucumber (Hansen, 1989; Higgins, 1992; Gerin and Hance, 1993;
Ramakerss and Voet, 1995; Jacobson, 1995; Van Houten, 1996). These failures appear to
bee due to much lower predator growth rates on cucumber, than expected from life history
measurementss on a diet of suitable prey, such as mould mites (Castagnoli and Simoni,
1990),, or suitable pollen (Van Rijn and Van Houten, 1991). The causes for this retarded
growthh can be manifold. Apart from the impact of predator diseases (Beerling and Van
derr Geest, 1991; Steiner and Bjornson, 1996) there are three major competing
explanations:: (1) negative microclimatic effects, (2) too low rate of encounter with thrips
onn cucumber (Higgins, 1992; Van Houten, 1996), (3) inability of young predators to
developp up to a stage in which thrips can be seized with some chance of success. The
firstt explanation is not supported, because prevailing temperatures and humidities were
notnot extreme enough (Van Houten and Van Lier, 1995). The second explanation may
hold,, because another species of phytoseiid mite with higher locomotory activity,
AmblyseiusAmblyseius limonicus Garman and McGregor (Van Houten et al, 1995a), showed a
considerablee population growth under exactly the same conditions (Van Houten, 1996).
However,, at high densities of either first or second instar thrips larvae, this phytoseiid
speciess shows higher predation rates than Amblyseius cucumeris (Oudemans), which
mayy indicate a higher ability to seize thrips larvae upon attack. If this also applies to
juvenilee mites or the juvenile mites have more opportunity to attack thrips larvae killed
byy adult mites, then Amblyseius limonicus Garman and McGregor may suffer less
mortalityy in the juvenile stages. Recently, P.C.J. Van Rijn, Y.M. Van Houten and
A.M.M.. Van Lier (unpublished results) found that the age class of juveniles of
AmblyseiusAmblyseius sp. on parthenocarpic cucumber was very small, but increased considerably
whenn pollen were provided (Fig. 2). Indeed, successful control of western flower thrips
withh Amblyseius cucumeris (Oudemans) have usually been obtained in situations where
ediblee pollen were available, as for example in greenhouse sweet pepper crops that
flowerr continuously after a short growing phase (Klerk and Ramakers, 1986; Ramakers,
1980,, 1987, 1988, 1990, 1993; Van Houten and Van Stratum, 1995; Tellier and Steiner,
1990;; Van de Veire and DeGheele, 1992). Whenever Amblyseius cucumeris (Oudemans)
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Figuree 2 Population dynamics of Frankliniella occidentalis larvae (a) and Amblyseius
degeneransdegenerans (adults, • •; juveniles, A A), (b) in absence (o A, dashed lines) and presence
off cattail pollen (• A, solid lines) on cucumber plants. The predatory mites were
introducedd in week 29 at a rate of eight females per plant. Each point represents a mean
off four replicates, obtained by population experiments in separate compartments of a
greenhousee (60 plants per compartment) (P.C.J, van Rijn, Y.M. van Houten and A.M.M,
vann Lier, unpublished data). In the pollen treatment, 50 mg of cattail pollen was provided
perr plant and per week (totalling about 3 g per greenhouse compartment). Error bars
representt 95% confidence intervals.
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provedproved successful on parthenocarpic cucumber (thus, in absence of pollen!), releases of
predatoryy mites were either 'inundative and continuous' (Beglyarov and Suchalkin,
1983;; Bennison, 1988; Hansen, 1988, 1989; Gillespie, 1989; Bennison et aL, 1990;
Bennisonn and Jacobson, 1991), or started already before any visible thrips infestation at
quitee high rates (250 per plant; Brodsgaard and Hansen, 1992). Similarly, releases of
AmblyseiusAmblyseius barkeri (Hughes) to control onion thrips on cucumber were successful at
highh predator-to-prey ratios (1200 per plant at appearance of first thrips damage
symptomss - Ramakers, 1983; fortnightly inundative releases - Ramakers, 1990; 4 to 6
introductionss of 15-20 predators per m : - Lindqvist and Tiittanen, 1989). Inundative
releasess of Amblyseius barkeri (Hughes) were also required to obtain successful thrips
controll on gladiolus corms (20-80 predatory mites per 20 corms lightly infested with
ThripsThrips simplex (Morison); Conijn, 1993), on tobacco seedlings (3-4 predatory mites per
leaff infested by c. 1 onion thrips larva; Trjapitzin, 1995) and on cabbage (c. 200 or more
predatoryy mites per plant of which c. 10% arrived in cabbage heads harbouring c. 40
onionn thrips per head; Hoy and Glenister, 1991).
RateRate of thrips suppression
Inn addition to formulating minimal conditions for control, the model provides a precise
predictionn of the time to prey elimination as well as criteria for the predator-to-prey
ratioss required for type-1 dynamics (immediate decrease) and type-2 dynamics (delayed
decrease).. For phytoseiid mites type-1 dynamics is expected only when predator-to-prey
ratioss are quite high (1:9). Indeed, Bennison and Jacobson (1991) observed type-1
dynamicss of the western flower thrips population for predator-to-prey ratios that were
probablyy very high as they used a controlled (or rather continuous) release system for
AmblyseiusAmblyseius cucumeris (Oudemans) (porose, waxed paper packs with bran and mould
mitess to rear and continuously release predatory mites). Also as expected for an initial
predator-to-preyy ratio close to 1:1, leaf-inhabiting populations of western flower thrips
onn sweet pepper showed type-1 dynamics after releases of Amblyseius degenerans
(Berlese)) and became vanishingly small in a matter of 1 or a few weeks (Van Houten
andd Van Stratum, 1995). Releases of Amblyseius cucumeris (Oudemans) by the same
authorss led to very low initial recovery of predators on leaves, whereas the density of
thripss larvae was close to 1 per leaf. The initial predator-to-prey ratio is hard to estimate
here,, but in any case it reached a level between 1:1 and 1:10 within 2 weeks after release
andd then the thrips population declined as predicted, albeit at a slower rate. In another
seriess of experiments (Van Rijn, Van Houten and Van Lier, unpublished results; Fig. 2)
releasess of Amblyseius degenerans (Berlese) at a 1:4 predator-to-prey ratio on cucumber
suppliedd with pollen caused the western flower thrips population to exhibit type-2
dynamicss with 2-4 weeks to thrips decimation. Both type of dynamics and time to
extinctionn would have been predicted at lower predator-to-prey ratios (< 1:9). The same
appliess to experiments of Gillespie (1989) with Amblyseius cucumeris (Oudemans) on
cucumber.. Here, predator-prey ratios were between 1:2 and 1:9, but the thrips dynamics
waswas not the expected type-1, but rather like type-2. Lindhagen and Nedstam (1988) also
invariablyy observed type-2 dynamics for initial predator-to-prey ratios of 20:50 (= 1:2.5),

Figuree 3 Numbers of Frankliniella occidentalis and Orius insidiosus per sweet pepper
flowerr in a greenhouse with (a) very low initial thrips density (3 to 15 thrips larvae and
adultss per flower), (b) intermediate initial thrips density (14 to 24 thrips larvae and adults
perr flower), and (c) high initial thrips density (36 to 44 thrips larvae plus adults per
flower)) (Van den Meiracker and Ramakers, 1991). On 20 April, 1990, 500 anthocorid
predatorss (adult females and males with a 1:1 sex ratio) were released.
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60:3500 (= 1:6) and 60:3000 (= 1:50) and time to prey suppression of c. 4 weeks for all
threee cases. Only in the latter case model predictions are satisfactory, suggesting that
modell predictions hold for very high initial thrips numbers per plant. Thus, for
phytoseiidd mites the model predictions hold qualitatively, but (perhaps with the
exceptionn of high initial thrips densities) not quantitatively, as they tend to overestimate
thee predator's impact and to underestimate the time to prey extinction.
Forr predatory thrips there is little information on the consequences of predator-topreyy ratios for the type of dynamics and the time to prey suppression. Ananthakrishnan
(1984)) provides data on the dynamics of gall thrips and predatory thrips in samples of 10
galls.. For example, the cycles of Thilakothrips babuli start with predator-to-prey ratios
welll below the critical ratio of 1:97, which according to the 'pancake model' would
alloww the thrips population to escape from control by predatory thrips. By the time the
gallgall thrips population starts to decrease predator-to-prey ratios have increased to levels
welll above the critical ratio of 1:17, so that type-1 dynamics is expected. Thus, the
explosivee increase of the gall thrips population and its crash are according to
expectations.. However, to understand the full cycle of the thrips population there must
eitherr be intraspecific competition slowing down the growth of the gall thrips or an
increasedd invasion rate of the predatory thrips into the galls during the intermediate
phasee where the gall thrips reach large numbers. Similar explanations may be given for
thee predator-prey cycles of the gall maker Schedothrips orientalis and its predator
AndrothripsAndrothrips flavipes (Ananthakrishnan, 1984).
Forr anthocorid predators type-1 dynamics is predicted above a predator-to-prey ratio
off 1:51 and the time to prey suppression is less than a week. Indeed, releases of
anthocoridd bugs frequently lead to type-1 dynamics of the thrips population. For
example,, Nagai et al. (1988) found that the population of Thrips palmi Karny on young
eggplantss increased from c. 55 to more than 100 individuals per leaf in absence of
predation,, but when 6 individuals of Orius sp. (5 nymphs and 1 adult) per (young)
eggplantt were released the thrips population decreased to c. 1 thrips per leaf in a period
off 6-9 days, which exceeds the 6.5 days predicted, but is not very far off. In absence of
informationn on the number of leaves per plant it is difficult to assess the initial predatorto-preyy ratio, but given the eggplant is young it seems likely that the ratio was above the
criticall ratio of 1:51. Hence, the experiments of Nagai et al. (1988) may be taken as
evidencee in support of the predictions of the 'pancake' model. Similar problems in
assessingg initial predator-to-prey ratios arise with most other publications on thrips
controll with anthocorids. However, given that the conditions for type-1 dynamics are
quitee broad, it is striking that this type of dynamics and the 1-2 week period to
suppressionn were observed in many experiments on thrips control, e.g. by Orius
insidiosusinsidiosus Say on sweet pepper (2 adult predators per plant) (Fig. 3a, low initial thrips
density;; Van den Meiracker and Ramakers, 1991), by three Orius spp. {Orius insidiosus
Say,, Orius albidipennis and Orius laevigatus) on melons, strawberries and sweet pepper
(Disseveltt et al., 1995), by Orius laevigatus (Fieber) on strawberries (Villevieille and
Millot,, 1991), by Orius laevigatus (Fieber) on sweet pepper (under long day conditions
inn spring and in summer, Chambers et al., 1993; see also Tavella et al. 1991), by Orius
spp.. (predominantly Orius sauteri; Y. Hirose, Kyushu University, Japan, pers. comm.,
1996)) on eggplant (1-5 predators per plant) (Kawai, 1995) and by Orius tristicolor
(White)) on sweet pepper (data from 1988; Higgins, 1992). All these results of the
releasess of anthocorid predators may be interpreted as support for the 'pancake' model
predictionss on dynamical behaviour and time to prey suppression, provided that initial
predator-to-preyy ratios were indeed above 1:51.
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Particularlyy good information on predator-to-prey ratios have been provided for the
experimentss of Trottin-Caudal et al. (1991) on biological control of western flower thrips
withh Orius majusculus (Reuter) on cucumber. When they released 1 predator per 20
thrips,, type-1 dynamics was observed with strong thrips suppression within a week and
virtuall elimination with 4 weeks, but when released in a 1:100 ratio, type-2 dynamics
occurredd with thrips elimination in 4-6 weeks. These observations represent quite strong
supportt for the model predictions, although the observed time to prey elimination is
somewhatt longer than the predicted 2 weeks. Additional support comes from
observationss on type-2 dynamics following predator releases at ratios that may well be
lowerr than 1:51 (but higher than 1:217): the 1989 data of Higgins (1992) for Orius
tristicolortristicolor (White) in sweet pepper (initial ratio somewhere between 1:50 and 1:100), the
dataa of Van den Meiracker and Ramakers (1991) for intermediate and high initial thrips
densitiess (Fig. 3b and 3c) and the data of Jacobson (1991) for Anthocoris nemorum L. on
cucumberr (initiallly 192 predators released c. 1 month after release of 1056 thrips; given
thatt the actual increase of the thrips population over the pre-release month is c. 8.5 - see
Fig.. 1, page 238 in Jacobson (1991) -, the initial predator-to-prey ratio is close to 1:50).
Providedd that these predator-to-prey ratios are correctly gleaned from the information
presented,, the predictions on type-2 dynamics hold, but the observed time to prey
suppressionn seems to be somewhat longer, being c. 1 month rather than a few weeks.
Inn other cases, model predictions seem not to hold at all. A striking example are the
resultss of Chambers et al. (1993); they found a slow, but steady increase of the western
flowerr thrips population on cucumber despite repeated releases of Orius laevigatus
(Fieber),, frequently leading to predator-to-prey ratios above 1:10. Because these authors
foundd a much stronger impact of this anthocorid predator on western flower thrips on
sweett pepper, one may suspect that particular ecological requirements are lacking in
parthenocarpicparthenocarpic cucumber, but present in sweet pepper. The authors attribute the
differencee in predator impact to a higher coincidence of predator and prey in sweet
pepperr flowers where they may hide and feed on pollen. Another example of poor
agreementt with model prediction are the experiments of Chyzik and Klein (1995). They
foundd that in the period from May to August 1994 ratios of Orius laevigatus (Fieber) to
westernn flower thrips in sunflower heads were above 1:10 and the dynamics - as
expectedd - was not very different from type-1; yet, the time to thrips suppression was
moree than 2 months, which is obviously much longer than expected. It would be
interestingg to study whether thrips larvae can hide away in the sunflower heads, thereby
partiallyy escaping from predation and lengthening the interaction time. This may also be
ann explanation for the dynamics of western flower thrips in the flowers (rather than the
leaves)) of sweet pepper, as reported by Van Houten and Van Stratum (1995). They
foundd that the flower-inhabiting populations of thrips persisted much longer than the
leaf-inhabitingg population, and that Amblyseius degenerans (Berlese) built up much
largerr populations in flowers and ultimately suppressed their prey to much lower (nonzero)) levels, than Amblyseius cucumeris (Berlese). These experiments are revealing by
providingg some evidence for flowers as partial refuges for the thrips and for interspecific
differencess in flower visitation among phytoseiid species. How this refuge effect arises,
iss still not clear since sites accessible to thrips larvae should be accessible too for
predatoryy mites. However, not only predators feed on pollen, thrips larvae consume them
tooo and among others this promotes their rate of development. The effect of pollen
feedingg by the thrips larvae may be a further reduction of the developmental phase in
whichh they are vulnerable to attack by predatory mites (Van der Hoeven and Van Rijn,
1990;; Hulshof, 1994; chapter 3.1). In addition, this leads to increased growth of the
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thripss population, which is expected to lengthen the time to suppression of the thrips
population. .
Forr the mirid predators type-1 dynamics and less than 1 week to thrips extinction is
expectedd at predator-to-prey ratios above 1:61. Dimitrov {1975, 1976, 1977) reported
immediatee suppression of onion thrips on tobacco by supplementary releases of
MacrolophusMacrolophus rubi Woodroffe (= M. costalis Fieber) at a 1:35 predator-to-prey ratio.
Gabarraa et at. (1995) studied the impact of two release rates of nymphs of Dicyphus
tamaniniitamaninii Wagner on western flower thrips. In one treatment they released 18 nymphs
perr plant, but only 6 predators were recovered 6 days later. Total thrips number per plant
wass c. 15 larvae and adults. Hence, the initial predator-to-prey ratio is somewhere
betweenn 1:2.5. The results show that populations of thrips larvae decrease to very low
numbess within a week as predicted by the 'pancake model', but the populations of thrips
adultss decrease much more slowly and reach very low levels after 8 weeks, which may
indicatee that they are better able to escape from predation. In another treatment Gabarra
etet al. (1995) released only 3 mirid nymphs per plant, whereas only one mirid was
recoveredd per plant, a 6 days later. The initial thrips density sharply increased initially
fromm c. 40 to c. 100 per plant, which may be due partly to the introduction of extra thrips
77 days after predator release (= 1 day after first count on plants) and partly due to the
predator-to-preyy ratio being lower than the critical ratio, thereby giving rise to type-2
dynamics.. As type-1 dynamics would be expected for a ratio of 1:40 and type-2 for a
ratioo of 1:100, the observations of Gabarra et al. (1995) do not contradict the predictions
off the 'pancake' model. However, the time to suppression of the number of thrips larvae
tookk 8 weeks, which is much longer than the 1-2 weeks predicted. Again, the thrips
adultss were suppressed a few weeks later, which again may indicate better ability to
escapee predation. Castané et al. (1996) carried out similar experiments with 1:10 and 1:3
ratioss of late instar Dicyphus tamaninii Wagner to western flower thrips at initial
densitiess of 5 western flower thrips per leaf. The introductions of both thrips and mirid
bugss differed in success of establishment, thereby decreasing the predator-to-prey ratios
too 1:15 and 1:5. Both ratios resulted in immediate decrease of the thrips population
duringg the first 2 weeks, i.e. the type-1 dynamics expected. However, in the third week
thee thrips population resurged, whereas it was suppressed a few weeks later. Resurgence
wass associated with a decrease in the predator population and suppression was preceded
byy an increase of the predator population. These effects may be due to the delay in
predatorr recruitment and/or dispersal movements of the adult predator.
Alll in all, the 'pancake' model is quite successful in creating a transparant picture of
thee the impact of growth rates, predation rates and initial predator-to-prey ratios on the
locall dynamics. The insight gained is mainly of a qualitative nature, leaving much to be
improvedd in quantitative respect by more detailed models. Yet, it seems safe to conclude
thatt many of the predatory arthropods tested satisfy the arrestment assumption
underlyingg the 'pancake' model. As thrips show aggregated distributions (Petersen,
1990),, it pays predators to find and stay arrested in thrips-infested parts of plants (Shipp
etet al., 1992), thereby creating conditions for maximal predation rates and exponential
populationn growth of the predators. However, the behavioural mechanisms allowing
predatoryy arthropods to detect and stay in these thrips aggregations are largely
unexplored.. Area-restricted search (phytoseiids: Sabelis and Dicke, 1985; anthocorids:
Shieldss and Watson, 1980), prey-kairomones and prey-induced plant synomones
(phytoseiids:: Sabelis and Dicke, 1985; Dicke and Groeneveld, 1986; anthocorids:
Drukkerr et al., 1995) may well play an important role (Sabelis, 1992). The important
pointt emerging from the validation exercise presented above is that the arrestment
behaviourr must be very strong, because even small rates of dispersal during the
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interactionn in local populations can cause such large (quantitative) deviations from the
'pancake'' predictions, that they would not easily go unnoticed (Van Baaien and Sabelis,
1995). .
Long-termm persistence of predator and prey
Att a larger time scale the 'pancake' model predictions on local predator-prey dynamics
mustt obviously fail. This is because the assumptions on strong arrestment in local
populationss and the constant 'pancake' predation rate must unavoidably lead to complete
locall extinction of the prey. From a theoretical point of view one may object that the
modell does not allow for persistence of predator and prey. However, while this might be
truee at a local spatial scale, it is not necessarily true at a larger spatial scale, as shown in
predator-preyy models with a metapopulation structure {e.g. Sabelis et ai, 1991; Sabelis
andd Diekmann, 1988). There is, however, mounting empirical evidence for population
persistencee of predators and thrips, even at a local spatial scale. For example, Kawai
(1995)) found that Orius spp. never wiped out local populations of Thrips palmi Karny,
butt instead the thrips densities settled at a more or less fixed level irrespective of the
initiall predator-to-prey ratios. Similar evidence emerges from other experiments with
anthocoridd predators and thrips on strawberries (Villevieille and Millot, 1991), on
eggplantt (Nagai, 1990) and also from experiments with phytoseiid mites and thrips on
parthenocarpicc cucumber with addition of pollen (Van Rijn, Van Houten and Van Lier,
unpublishedd data) and without pollen (Bennison and Jacobson, 1991), on melon and
strawberryy (Dissevelt et ai, 1995), on sunflower (Chyzik and Klein, 1995) and on sweet
pepperr (Van Houten and Van Stratum, 1995). To explain local prey persistence three
mechanismss may be responsible: (1) reduced predation rates with decreasing prey
densities,, (2) escape in space by seeking refuge or dispersal, (3) escape in time by
differentiall timing of diapause and hibernation and (4) escape in development by
outgrowingg the stage vulnerable to predation. Also, there are several cases where
predatorss maintain or even expand their local populations in the virtual absence of thrips
ass prey. Examples are provided by experiments with anthocorid predators on sweet
pepperr (Van den Meiracker and Ramakers, 1991; Dissevelt et ai, 1995) and phytoseiid
mitess on sweet pepper (Van Houten and Van Stratum, 1995; Ramakers and Voet, 1995).
Too explain local persistence of predators in absence of thrips the causal mechanisms may
emergee from (1) economizing upon energy reserves, or (2) feeding on something else,
i.e.i.e. (2a) phytophagy, and (2b) polyphagy. All these explanations will be briefly
discussedd below.
ThripsThrips escape at low thrips densities
Whenn predators decrease prey density in their direct neighbourhood, they reach a point
wheree they cannot maintain a maximum predation rate. Then, as assumed in the
'pancake'' model, they may move to other more profitable sites nearby (i.e. within the
locall population), but sooner or later these sites will become scarce as well and overall
predationn rates within a local thrips population will decrease. Concomittantly,
development,, survival and reproduction of the predator will decrease. Ultimately, the
thripss may suffer so little from predation that its population may resurge, thereby
avoidingg extinction. This mechanism leads to predator-prey cycles, as shown by analysis
off Lotka-Volterra predator-prey models. Whether the cycles will diverge, converge or
remainn unaltered, depends on further details of the system, but in any case the
persistencee time will be increased beyond a single predator-prey cycle.
Forr both phytoseiid and anthocorid predators predation rate on thrips larvae may
havee a maximum and this maximum is approached via a negatively accelerated increase
53 3

TheThe impact of supplementary food on a prey - predator interaction

inn predation rate with increasing thrips density. The plateau of the predation rate can be
reachedd due to constraints on the time budget for searching and handling prey (type-2
Hollingg curve) or due to satiation (Sabelis, 1990). For arthropod predators satiation
usuallyy causes the maximum rate of predation to be reached at much lower prey
densities,, than predicted from constraints on the time budget (Sabelis, 1992). Hence, it is
moree relevant to focus on ingestion, digestion and egestion dynamics, whereas handling
timess can just as well be ignored. A general feature of arthropod predators is that
ingestionn either stops when the prey is nearly emptied or when the gut is filled to
capacityy (Sabelis, 1992). This also holds for phytoseiid mites (Sabelis, 1990, 1992) and
anthocoridd bugs (Rajasekhara and Chatterji, 1970; Lichtenauer and Sell, 1993). For
negligiblee handling times, partial prey ingestion and not too low satiation levels the
relationn between the predation rate (F) and prey density (D) can be approximated by the
followingg function (Metz etal., 1988; Sabelis, 1992):

Heree m represents gut capacity, s is the satiation leve! or level of gut fullness, c is the
levell of s above which the rate constant of prey capture (= g(s)) becomes zero {g(c) = 0;
thee so called capture threshold), d = the rate constant of gut emptying, whereas b = -0.5
n/g'(c)n/g'(c) and g '(c) is the differential of g(s) at s = c. For high prey densities the predation
curvee approaches an upper asymptote:
F(DF(D -» oo) = d/\n(m/c).
Clearly,, when m = c, there is no maximum because ln( 1) = 0; then, F(D) reduces to:

Thus,, the predation rate increases with the square root of prey density. Although
verball explanations of the precise functional form are doomed to fail, it is instructive to
seee that - if the capture success rate becomes zero only at gut capacity (c = m) - then
everyy little bit of food emptied from the gut will induce a non-zero, positive capture
successs rate. Thus, increased prey density must necessarily lead to an increased
predationn rate (until handling time constraints become important, but such high
encounterr rates are usually not met in reality).
Phytoseiidd predators, such as Amblyseius cucumeris (Oudemans), appear to refrain
fromm attacking first-instar thrips larvae (c. 6 \xg) before they reach full satiation (c/m ~
0.8,, with m ~ 5 \xg) (chapter 2.4) and the rate constant of gut emptying is c. 1 per day (at
255 °C). This implies that the predation curve has a maximum at c. 6 first-instar thrips
larvaee per day (at 25 °C) (Castagnoli et al., 1990; Shipp and Whitfield, 1991; chapter
2.4).. The predation rate is still 66% of the asymptotic value at a density of 1 thrips larva
perr 16 cm2 leaf area. Such a density is clearly quite low and, therefore, the assumption on
constant,, near- maximum predation rate in the 'pancake' model seems to be reasonable
forr phytoseiid mites.
Forr anthocorid predators predation curves also tend to reach a maximum with
increasingg thrips density when either the predator stage is immature or the thrips has
reachedd a stage with strong defensive or escape capacity. For example, Nagai (1991)
foundd that predation reaches a maximum in first to fifth instar nymphs of Orius sauteri
feedingg on second instar larvae of Thrips palmi Karny, but not for the adult female
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predators.. Similarly, Isenhour and Yeargan (1981b) found maxima for the nymphal
stagess of Orius insidiosus Say at high densities of second-instar larvae of western flower
thripss and Coll and Ridgway (1995) did not find maxima when the predators were adult
females.. However, the adult predators reach maxima at high densities of adult soybean
thripss (more than 50 per 3.8 cm2), perhaps a phase with better capacities to escape from
predatorr attack. Adult females of anthocorid predators probably do not have predation
ratess approaching a plateau at high densities of first and second-instar thrips larvae. As
shownn for adult females of Orius insidiosus Say, the success rate of capturing secondinstarr thrips larvae becomes zero only at full satiation (c = m ~ 62 ug), causing the
predationn rate to be proportional to the square root of prey density (with a proportionality
constantt equal to 17.4 at 25 °C) (Van den Meiracker and Sabelis, 1999). Thus, for
example,, take the (low!) density of 1 larva per 16 cm2. Whereas for phytoseiid mites the
predationn rate at this density equals 4 larvae per day (representing 66% of the
maximum),, anthocorid predators consume similar numbers per day, but can consume
four-- to ten-fold more to reach values reported in the literature at high thrips densities
(Rajeskharaa and Chatterji, 1970; Isenhour and Yeargan, 1981b; Saucedo-Gonzalez and
Reyes-Villanueva,, 1987; Mituda and Calilung, 1989; Nagai, 1991; Chang et al, 1993;
Lichtenauerr and Sell, 1993; Coll and Ridgway, 1995). Thus, anthocorid predators at low
thripss densities consume thrips larvae at rates similar to those of phytoseiid mites, but at
higherr prey densities the anthocorid predators do not reach a maximum. In fact, one
wouldd expect that - if predator and prey are of similar size - the capture threshold (c) is
lowerr than gut capacity, and that c will approach m with increasing predator-to-prey size
orr - more generally - with increasing prey-to-predator defenselesness (Sabelis, 1992).
Ass a consequence, predation functions change from curves saturating with increasing
preyy density, to curves of a non-saturating, 'square root' type. Going from phytoseiid to
anthocoridd predators this is exactly what is observed. Phytoseiid mites show saturating
predationn function toward prey of equal or larger size (adult spider mites, thrips larvae),
butt 'square root' functions towards the small and weak prey (young stages of spider mits
andd rust mites). Similarly, adult females of anthocorid predators show saturating
predationn functions towards well-defended prey (adult thrips, aphids, caterpillars)
(Isenhourr et al, 1989; Nagai, 1991), but 'square root' functions towards the small and
thee weak (adult spider mites, thrips larvae) (Nagai, 1991; McCaffrey and Horsburgh,
1986b;; Van den Meiracker and Sabelis, 1999). Hence, the assumption on constant
predationn rate in the 'pancake' model holds for phytoseiid mites, but only partially for
anthocoridd predators, unless thrips densities within the infested part of a leaf or plant do
nott vary much under predator-free conditions.
Thesee general observations on predation rates as a function of prey density suggest
thatt at low thrips densities phytoseiid and anthocorid predators will differ little in per
capitaa thrips consumption rates and that the degree of prey suppression will then mainly
dependd on the abundance of these predators in the trough of the thrips cycle and the
tendencyy to stay in the leaf area infested.
ThripsThrips escape in space
Veryy little information is available on the rate of dispersal of predators during their
interactionn with local thrips populations. The 'pancake' model assumes no dispersal until
alll prey have dispersed (the arrestment assumption). Given the reasonably good
predictionss of the order of magnitude of time to prey extinction and the type of dynamics
theree is reason think that dispersal during the interaction is strongly suppressed. This is
becausee relatively small dispersal rates of predators would lead to large changes in time
too extinction and type of dynamics.
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Perhaps,, anthocorids leave at low, but still higher thrips densities compared to
phytoseiidd mites. Anthocorids need more thrips per day for the onset of egg production,
thann phytoseiid mites, and so may have stronger urge to reach new prey patches that
meett their energy requirements for reproduction. Moreover, one would expect dispersal
too be less risky for the anthocorids, as the adults can fly, rather disperse passively in
windd currents, as the phytoseiid mites do. This would lead to a higher chance to resurge
forr thrips populations suppressed by anthocorids, than those suppressed by phytoseiid
mites.. However plausible this hypothesis may be, there is yet no evidence supporting it.
Resurgancee of thrips populations seems to occur in thrips populations subject to either of
thee two types of predators.
ThripsThrips escape in time
Ann essentially different way for thrips to escape predation is to enter diapause earlier
whenn predation risks are high. The advantage of entering diapause is that it is usually
associatedd with search for a more hidden site for overwintering, often away from the
plantt (e.g. in the soil, under bark). However, the possibility of predation risk as a
diapause-triggerr or modifier has never been investigated.
Differentiall timing of diapause in predator and prey can have large consequences for
thripss population dynamics, as shown by experiments on biological thrips control in
greenhouses.. Various greenhouse experiments in temperate zones aiming control of
(sub)tropicall thrips have shown thrips pest resurgence in autumn or winter due to
inductionn of diapause in predators, but not in the thrips (anthocorids: Fischer et al, 1992;
Chamberss et a!., 1993; Chyzik and Klein, 1995) (phytoseiids: Van Houten et al., 1993,
1995b).. Since greenhouses in the temperate zone represent ecological islands where
diapausee is not needed, phytophagous arthropods without diapause are at an advantage,
ass invaders. If the natural enemy used for biological control is not selected for
suppressingg diapause, then it may become ineffective by the time it moves to hibernation
sites.. Selection for non-diapause strains of the predator is then a possible solution, as
shownn for the predatory mites, Amblyseius cucumeris (Oudemans) and Amblyseius
barkeribarkeri (Hughes) by Van Houten et al. (1995b) or selection of effective predator species
withoutt diapause may help, as shown for anthocorid predators, e.g. Orius albidipennis
(Reuter)) (Van den Meiracker, 1994) and for phytoseiid mites, e.g. Amblyseius limonicus
s.s.. Garman and McGregor (New-Zealand strain), Amblyseius degenerans (Berlese)
(Morrocann strain) and Amblyseius hibisci (Chant) (Mexico strain) (Van Houten et al,
1995a).. Phytoseiid mites usually overwinter as adults in cracks and crevices on the plant,
whereass anthocorids usually overwinter in dry and protected places in the soil, dead
woodd or bark. Both types of predator enter a so-called reproductive diapause in the adult
phase.. The conditions for induction (and termination) of diapause have been studied for
anthocoridss by Kingsley and Harrington (1982; Orius insidiosus), Ruberson et al,
(1991;; Orius insidiosus), Van den Meiracker, (1994; Orius insidiosus, laevigatus,
albidipennisalbidipennis and majusculus), Tommasini and Nicoli (1995, 1996; Orius laevigatus),
Wangg et al. (1994; Orius sauteri) and Chyzik et al., (1995b ; Orius albidipennis
(Reuter)),, and for phytoseiid mites by Morewood and Gilkeson, (1991), Van Houten and
Vann Stratum (1993), Van Houten et al (1993, 1995b). These predators are sensitive to
diapausee inducing conditions (low temperature and short day) in the nymphal stages.
Highh temperatures usually lead to termination of diapause within a few days (Van den
Meiracker,, 1994; Van Houten etal, 1995b).
ThripsThrips escape in ontogeny
Whereass differential timing of diapause may explain autumn resurgance of the thrips
populationn in several greenhouse experiments, it does not provide an explanation for
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persistencee of predators and thrips at low densities during several months before autumn.
Hence,, other mechanisms may operate. The most likely candidate is the existence of
invulnerablee stages, as these have a stabilizing effect on predator-prey models of the
Lotka-Volterraa type (Murdoch et al, 1987; Van den Bosch and Diekmann, 1986;
Abramss and Walters, 1996). For phytoseiid mites only young thrips larvae can be
successfullyy attacked (Bakker and Sabelis, 1986, 1989; Kajita, 1986), whereas the
anthocoridss and mirids attack thrips eggs and adults with a lower probability than the
larvaee and the thrips pupae may be out of reach because most thrips species usually
pupatepupate in the soil. Predatory thrips, however, seem to be very good egg predators and
whenn invading galls of thrips they attack all stages. Thus, the invulnerable phase of
thripss strongly depends on the predator under consideration. It covers most of the life
spann with respect to the phytoseiid mites, it is much shorter with respect to the
anthocoridss and mirids and it is almost non-existent with respect to predatory thrips
feedingg gall thrips. If the invulnerable phase were the only stabilizing mechanism in the
predator-preyy system, then one would expect stable equilibria for interactions with
phytoseiidd mites and violent predator-prey cycles for interactions with predatory thrips.
Inn addition, one would expect the equilibrium of the thrips population to decrease with
thee relative length of the invulnerable phase (chapter 3.1). To our knowledge these
predictionss have not yet been tested experimentally.
PhytophagyPhytophagy of the predator
Inn particular cases it has been observed that predator populations persist or even increase
inn virtual absence of thrips and other phytophagous arthropods. For example, Van den
Meirackerr and Ramakers (1991) found that populations of Orius insidiosus Say persisted
onn sweet pepper up to almost 6 months since they virtually eliminated western flower
thripss from the plants (Fig. 3b). In a parallel experiment with vanishingly low thrips
densitiess from the end of apri! to mid november, the anthocorids appeared to increase in
abundancee in the months May and June, but decreased later on (Fig. 3a). Persistence of
anthocoridss on pollen-bearing plants has also been observed by Ravensberg et al. (1992),
Shippp et al. (1992), Van de Veire and DeGheele (1992), Tavella et al. (1991) and
Chamberss et al. (1993). Similar observations on persistence have been published on
phytoseiidd mites. For example, Van Houten and Van Stratum (1995) found increasing
populationss of all stages (eggs, juveniles and adult females) of Amblyseius cucumeris
(Oudemans)) and Amblyseius degenerans (Berlese) on sweet pepper leaves over a period
off c. 3 months, even though thrips larvae were initially present at low levels and became
raree after a few weeks. These authors also observed a much stronger increase of
AmblyseiusAmblyseius degenerans (Berlese) in the flowers. These observations may well be
explainedd by an ability of anthocorid and phytoseiid predators to feed on food of plant
origin.. In particular, sweet pepper pollen (Van Houten et al., 1995a) and pollen of
variouss plants (e.g. rosaceous plants, castor bean, cattail, ice plant, broad bean) are
knownn to be food of high quality for phytoseiid mites in that they can increase
numericallyy on a diet of pollen and in some cases even just as fast as on their preferred
preyy (Table 2; Swirski and Dorzia, 1969, 1968; Swirski et al, 1967ab, 1970; Nelson,
1973;; Sciarappa and Swift, 1977; Hoda et al, 1986; Tanigoshi et al, 1981, 1983; Van
Rijnn and Van Houten, 1991; Grout and Richards, 1992a; Ouyang et al, 1992; Momen,
1995;; chapter 2.2). Indeed, addition of pollen has been shown to promote the abundance
off phytoseiid mites, such as Amblyseius hibisci (Chant) (McMurtry and Scriven, 1966,
1968;; Kennett et al, 1979), Amblyseius cucumeris (Oudemans) and Amblyseius
degeneransdegenerans (Berlese) (Ramakers and Voet, 1995, 1996) and removal of pollenproducingg flowers in sweet pepper crops has been shown to decrease the abundance of
thee latter predators (Ramakers, 1990, 1995). In addition, the experimental results in Fig.
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22 show that weekly supplies of c. 3 g cattail pollen to 60 pollen-free (parthenocarpic)
cucumberr plants promotes the abundance of juvenile and adult phytoseiid mites
(Amblyseius(Amblyseius degenerans (Berlese)) and this contributes significantly to the control of
westernn flower thrips (Van Rijn, Van Houten and Van Lier, unpublished data).
Presumably,, pollen-feeding may help the predatory mites to become adult and thereby
reachh a phase where they are better able to attack thrips larvae. Possibly, other plant
foodss may play a similar role in promoting survival and reproduction of phytoseiid
mites,, such as extrafloral nectar (chapter 2.3) and plant exudates (Bakker and Klein,
1992).. Feeding on the leaf parenchyma has been suggested for phytoseiid mites, but has
neverr been proven conclusively because feeding on plant exudates was not tested as an
alternativee hypothesis to explain the presence of plant compounds in predatory mites.
Phytophagyy is also common among the Anthocoridae, although it depends on the
typee of plant, the type of food and the predator species (Naranjo and Gibson, 1995).
Feedingg on plant juices has been observed as they puncture leaves and increase their
survivall and in some cases even development (Askari and Stern, 1972; Kiman and
Yeargan,, 1985; Salas-Aguilar and Ehler, 1977; Coll, 1996; Fauvel, 1974). Another clear
indicationn of a beneficial impact of plant feeding on the life history of anthocorids is
observedd on corn. Adults of Orius insidiosus (Say) feed on corn silks and the nymphs
cann reach adulthood on this food, but the adults emerging are smaller and less vigorous.
Newlyy hatched nymphs start feeding on corn silks, but as development progresses, they
tendd to prefer thrips larvae as food. Extrafloral nectar of e.g. corn plants is known to
attractt various predators among which anthocorids (Yokoyama, 1978b; Pemberton and
Vandenberg,, 1993) and the removal of these nectaries leads to a reduction in the
abundancee of predators (Schuster et al, 1976). Feeding on pollen occurs in many
anthocorids.. Some seem to feed almost exclusively on pollen (Orius pallidicornis
(Carayon);; Carayon and Steffan, 1959), others can complete development and oviposit
onn a diet of pollen, but also feed on prey (Orius spp. - Fauvel, 1974; Orius insidiosus
(Say)) - Dicke and Jarvis, 1962; Salas-Aguilar and Ehler, 1977; Kiman and Yeargan,
1985;; McCaffrey and Horsburgh, 1986a; Richards and Schmidt, 1996; Orius sauteri
(Poppius)) - Funao and Yoshiyasu, 1995; Zhou and Wang, 1989; Yano, 1996; Orius
laevigatuslaevigatus - Frescata and Mexia, 1995). Dissevelt et al. (1995) observed a pronounced
differencee in population development of various Orius spp. in pollen-bearing crops
(strawberry,, eggplant, sweet pepper and melon), as opposed to crops without pollen
(cucumber).. Generally, anthocorids become more abundant in periods of increased
pollenn availability (Dicke and Jarvis, 1962; Isenhour and Marston, 1981; Mituda and
Calilung,, 1989; Coll and Bottrell, 1995).
Likee the phytoseiids and anthocorids also the mirid predators are known to feed on
pollen,, but they stand out by having a even stronger tendency to feed on plant tissues
(Fauvell et al., 1987; Salamero et al, 1987; Gabarra et al, 1988; Braman and Beshear,
1994;; Naranjo and Gibson, 1995). Much less is known of phytophagy in thripophagous
thrips.. However, some species of predatory thrips known to feed on mites also develop
onn a diet pollen. Examples are larvae of Haplothrips victoriensis Bagnall that feed on
lucernee pollen (Bailey and Caon, 1986) and Leptothrips mali (Fitch) that feeds on apple
pollenn (Parrella et al, 1982). The latter species also feeds on thrips to some extent, but
besidess this case the only reports on pollen feeding by a thripophagous thrips are by
Bournierr et al. (1978, 1979). They found that Aeolothrips intermedius Bagnall required
211 days to mature on a diet of lucerne pollen, as opposed to 10 days when fed with onion
thripss larvae. They also observed that adults of Aeolothrips intermedius Bagnall feed on
flowerss (probably also pollen) to reach maturity. Bournier et al. (1979) also state that
thiss predator does not feed on leaves.
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Thee ability to feed on plant foods will promote the survival of predatory arthropods
andd especially in the case of pollen, it will even promote reproduction. Van Rijn and
Sabeliss (chapter 3.1) showed that the equilibrium value of thrips in the vulnerable phase
decreasess with the addition of pollen, because the prey equilibrium is dominated by
parameterss determining predator population growth. For much the same reason, this
impactt of pollen feeding of the predator on the prey equilibrium remains unaltered when
thripss feed on pollen and promote their reproduction too. This counterintuitive result
arisess because the extra population growth of the thrips is simply converted into predator
populationn growth at equilibrium. The principles underlying these results have been
pointedd out by Holt (1979), who showed that the addition of a new prey species to a onepredator-one-preyy system leads to a reduction of the resident prey through their joint
impactt on the numerical response of the predator. Thus, the two prey reduce each other's
equilibriall abundances, even when they do not compete at all. This result is known as the
'apparentt competition' hypothesis. If the prey species added to the system, is not harmful
too the plant, the plant may profit from the impact of the additional prey on the ravenous
herbivoree via the increase of the predator population. In a sense pollen represent the ideal
non-harmfull 'prey'. Hence, by modifying the edibility of pollen plants may influence the
impactt of the third trophic level to their own benefit, even when the herbivore feeds on
pollenn too (chapter 3.1)! This mechanism may shed new light on the evolution of pollen
edibility. .
PolyphagyPolyphagy of the predator
Anotherr factor promoting persistence is the presence of other prey. This may lead to
sigmoidd functional responses to thrips density. Predation on thrips may become
disproportionallyy lower when thrips densities decrease thereby motivating predators to
concentratee foraging on alternative prey. In this way thrips may be relieved of predation
pressuree and their population may resurge until their colonies become profitable again
forr the predators. This mechanism may stabilize the equilibrium (Murdoch and Oaten,
1975)) albeit in a rather small part of of the parameter domain, or it may bound
oscillations,, thereby creating stable limit cycles (chapter 3.3). Hence, it may explain the
persistencee observed in those experiments where alternative prey are actually present.
Mostt of the predators reported to attack phytophagous thrips also forage for other
prey.. The nabids, lygaeids and mirids have been reported to feed on various other
phytophagouss arthropods, such as caterpillars, seed bugs, aphids, whiteflies, spider mites
(Lattin,, 1989; Foglar et al 1990; Riudavets, 1995), the anthocorids on small caterpillars
andd eggs of Lepidoptera, scale insects, leafsuckers, aphids, spider mites and rust mites
(Riudavets,, 1995; Nakata, 1994; Nagai, 1991; Anderson, 1962; McCaffrey and
Horsburgh,, 1986b; Alauzet et al., 1990; Péricart, 1972; Askari and Stern, 1972; Minks
andd Harrewijn, 1988), the predatory thrips on coccids, mealybugs, whiteflies, spider
mitess and rust mites (Ananthakrishnan, 1974, 1993; Zur Strassen, 1995; Debreneva,
1967;; Parrella et al, 1982; Putman, 1965; Bournier et al, 1979; Gerlach and Sengonca,
1985,, 1986; Selhorst et al, 1991; Gilstrap, 1995; Coville and Allen, 1976; Gilstrap and
Oatman,, 1976; Bailey and Caon, 1986; Muma, 1955; Selhime et al, 1962; Lindquist et
al,al, 1996) and predatory mites on eggs of different insects, eggs and crawlers of
whiteflies,, mealybugs and coccids, spider mites, tarsonemid mites, rust and gall mites
(Hellee and Sabelis, 1985; Lindquist et al, 1996). How these predators choose between
alll these prey items, is largely unknown, let alone whether the existing prey choice
mechanismss can generate sigmoid functional responses with respect to the density of
phytophagouss thrips. Therefore, it is as yet impossible to predict the consequences of
alternativee prey for the persistence of thripohagous predators, as well as for
phytophagouss thrips.
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Complexx interactions
Polyphagyy with respect to various phytophagous arthropods is not the only reason why
interactionss between between thripophagous predators and phytophagous thrips should
notnot be studied in isolation. The web of interactions is much more complicated than that.
Thee question arises how much of what we learned from studying two-species systems in
simplifiedd environments (laboratory, greenhouse) still applies under natural conditions,
andd which of the complexities should be taken into account. The need to understand
thesee aspects does not solely stem from a fundamental interest in mechanisms underlying
populationn dynamics, nor solely from applied interest to manage thrips populations
underr natural and semi-natural conditions, such as in forests, orchards and field crops.
Progresss in the application of biological control in greenhouses has led to quite complex
systemss as they involve many different pests, each with own and shared natural enemies.
Moreover,, there is a growing awareness of the role host plants play in influencing the
effectivenesss of natural enemies of thrips. Some of these potentially important
interactionss are briefly discussed below.
Plantt - predator interactions
Althoughh it is tempting to hypothesize that plants tend to promote the effectiveness of
thee natural enemies, any attempt to evaluate benefits and costs by a comprehensive
ecologicall analysis is fraught with problems. For example, plants may provide extrafloral
nectarr and edible pollen, thereby increasing the predator population and possibly
decreasingg phytophagous arthropods. However, this is not necessarily so, as it depends
onn the prey preferences for other plant-inhabiting arthropods, such as fungivores or
pollenophages.. Clearly, plants cannot fully control which arthropod is reaping the
benefitss of plant-provided foods. A particularly interesting example is that of
herbivorouss thrips utilizing pollen and promoting their own rate of population increase.
Dependingg on the relative impact of plant food on predator vs. thrips population growth
andd the rate of predation on thrips, time to prey suppression may become shorter or
longerr and thrips may or may not escape control by predators (chapter 3.1).
Plantss may also provide shelter. A spectacular example are the 'little mite houses' or
acarodomatiaa that are located where leaf veins branch. Clearly, these structures provide
protectionn to any arthropod small enough to enter and it seems reasonable to suppose
thatt the benefits of protection for phytophagous arthropods are outweighed by the costs
inn terms of inreased predation risk due to increased probability of encounter within the
protectivee plant structures. Yet again, the plant cannot control which arthropods make
goodd use of the domatia and which cannot. A striking example is Domatiathrips
cunninghamii,cunninghamii, a species of thrips so minute (c. 1 mm) that it is close to the size of a mite,
andd hence, can invade acarodomatia on the leaves of an understorey tree in Costa Rica,
PsychotriaPsychotria gracilifora (Mound, 1993). In fact, specimens were rarely found outside the
domatia,, and if so they were adults. Less than 10% of the domatia were occupied by
usuallyy one thrips in any of the possible life stages (egg to adult). The thrips- domatia
associationn is therefore certainly not a casual one. Mound (1993) rightly challenges
hypothesess on mutual benefits for domatia-inhabitors and plants, because the thrips
clearlyy has no benefit for the plant. However, one should not forget that most, if not all,
mutualisticc interactions are open to misuse. Also, he did not report on predators
inhabitingg the domatia and how they affect the domatia-inhabiting thrips. In fact, the
evidencee for phytophagous arthropods inhabiting domatia is strikingly scarce, even
thoughh gall mites and small (gall) thrips could perhaps make good use of these plant-
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producedd structures. To what extent the small predators of thrips and especially the
predatoryy mites listed in Table 1 make use of domatia is hardly known. Thus, the
relevancee of domatia for interactions between thrips and predatory mites is unclear.
Whetherr phytophagous thrips, like spider mites, induce the production and release of
volatiless by their host plant, has not yet been demonstrated. Volatiles emanating from the
anall discharge of thrips are a serious alternative, although this may of course contain
plant-producedd chemicals as well. Responses of predatory mites to odours coming from
plantss infested by thrips have been found (Dicke and Groeneveld, 1986). Similarly,
responsess of anthocorids to odours from plants infested by spider mites (Dwumfour,
1992)) and psyllids (Drukker et ai, 1995) have been found and in the latter case there is
evidencee for the involvement of plant-produced monoterpenes and methyl-salicylate
elicitingg the predator-searching response (Scutareanu et al., 1997). As argued for each
routee to plant-predator mutualism, plants cannot control which arthropods respond to the
releasee of volatiles upon herbivore attack. Attraction or avoidance of conspecific and
heterospecificc competitors are among the possibilities (Pallini et al, 1997) and this may
obviouslyy matter to the benefit-cost balance of the signal-emitting plant.
Althoughh herbivory-induced synomone-production seems generally a sensible
strategyy of the plant to lure predators when they are most needed, there are a number of
reportss on predators showing differential arrestment to host plant species and even
varietiess without an obvious relation to the amount of prey on these plants. Examples are
foundd in Braman and Beshear (1994) for mirid bugs on various species of azalea, in Coll
andd Ridgway (1995) for anthocorids on corn, Lima bean, pepper and tomato crops and in
Beekmann et al. (1991) for the same predators on rose and chrysanthemum in the
greenhouse.. Let us consider these examples in more detail and formulate some possible
explanations. .
Beekmann et al. (1991) found that Orius insidiosus Say spend twice as much time
searchingg on chrysanthemum than on rose and the presence of thrips on either host plant
hadd no effect. However, they reared the predators on other prey (moth eggs) and starved
themm for one day on a rose leaf disc. The predators may therefore have lacked the
opportunityy to associate plant odours with the presence of prey and they may have
associatedd rose odour with the absence of thrips. These hypotheses on associative
learningg need further testing, as they may well explain the results of Beekman et al.
(1991)) and more generally differential arrestment to host plant species and varieties.
Colll and Ridgway (1995) found that Orius insidiosus Say showed poor functional
andd numerical response to the density of various pests on tomato, whereas these
responsess were pronounced on Lima bean, pepper and corn. They suggested that the
foragingg behaviour of the predators were hampered by the glandular hairs on leaves and
stemss of tomato, and they reported briefly on high mortality due to collecting the viscous
glandularr secretions on the predator's legs. However, when given a choice for leaves
withoutt prey, Orius insidiosus Say deposited an equal proportion of its eggs on foliage of
tomato,, pepper and bean, and only very few eggs on corn leaves (Coll, 1996). As these
predatorss were reared on moth eggs, Coil's results may be due to a lack of experience
withh the host plants. However, he also showed a correspondance between choice and
reproductivee success on prey-free leaves of these plants, measured as survival of the
first-instarr nymphs, adult longevity and fecundity. Bean leaves were by far the best food
sourcee in all respects, tomato leaves offered relatively good prospects for juvenile
survivall and are marginal food sources for reproduction, and pepper leaves were
marginall food sources for survival and fecundity, whereas corn leaves were worst as
theyy do not allow any oviposition. These results seem to contradict the results on
predatorr impact on these crops, since pepper and corn are known to be conducive to
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biologicalbiological control and tomato is not. This paradox may well be resolved when realizing
thatt Orius insidiosus Say concentrates foraging in other parts of the plant, than the
leaves.. It frequents the flowers of sweet pepper and it is strongly attracted to the corn
silkss where it readily oviposits (Reid and Lampman, 1989). Possibly as a consequence of
glandularr hairs, tomato leaves represent enemy-poor space and are therefore suitable
substratess for egg deposition despite the negative impact of tomato hair secretions on
foragingg behaviour. Females embed their eggs singly in plant tissue with only the
operculaa protruding. Stems, pods, leaf petioles and veins are preferred oviposition
substratess (Rajasekhara and Chatterji, 1970; Isenhour and Yeargan, 1982; Zhou et at.,
1991;; Van den Meiracker and Sabelis, 1993; Chambers and Long, 1993; Jacobson, 1995;
RichardsRichards and Schmidt, 1996). On tomato, these plant parts are densily covered with
glandularr hairs which may help to protect the Orius eggs from their natural enemies.
Indeed,, Ferguson and Schmidt (1996) found quite high rates of egg deposition and egg
hatchh in petioles of pepper and tomato (1.9-2.7 egg/female/day; 71-81% egg hatch), but
petioless of cucumber may be even more suitable (3.2-3.4 eggs/female/day; 85% egg
hatch). .
Plantss with dense covers of (glandular) hairs as a direct defense against herbivores
unvoidablyy interfere with the effectiveness of natural enemies of the herbivores. Apart
fromm the examples with respect to anthocorid predators there are also many examples
withh respect to phytoseiid mites, such as higher predation rates of Amblyseius cucumeris
(Oudemans)) on glabrous sweet pepper leaves than on hairy cucumber leaves (Shipp and
Whitfield,, 1991). However, the important point emerging is that this mode of defense
mayy have positive and negative effects on the third trophic level. On the one hand it may
decreasee the availability of herbivorous arthropods to the predators, it may hinder
predatorr foraging and may even cause mortality among the predators, but on the other
handd it may provide enemy-poor space and thereby represent a suitable site for egg
depositionn and juvenile development. In addition, there may be another advantage to the
predators,, as they can feed on the insects and mites caught in the secretions of the
glandularr hairs. Such observations on scavenging have been reported by Braman and
Beshearr (1994) for mirid bugs on Florida azaleas that were repeatedly seen feeding on
smalll insects trapped in sticky glandular secretions on stems and leaves. Direct defenses
mayy render other benefits to the predators. For example retarded growth of the herbivore
inn resistant species may retard juvenile development of the thrips and thereby increase
thee length of the developmental stage that is most vulnerable and exposed to predation
(Isenhourr et at., 1989). All these positive and negative effects of direct defenses may
cancell out or create a positive or negative balance for the natural enemies, thereby
determiningg selection for attraction or avoidance of well-defended plants.
Whenn predators find more suitable oviposition sites and refuges from their natural
enemiess on other plants, as well as additional foods for survival (but less preferred than
thrips),, then the addition of these plants will lead to lower equilibrium herbivore
densitiess and higher predator densities on the target plant species. This is because any
factorr promoting predator reproduction and survival will lead to higher equilibrium
predatorr densities and lower herbivore densities. Letourneau and Altieri (1983),
Letourneauu (1990) and Coll and Bottrell (1995) indeed show trend toward higher
densitiess of Orius spp. and lower densities of thrips on target plants in polycultures than
inn monocultures, but their observations have been done at least partly under nonequilibriumm conditions and hence they do not represent a suitable test of the hypothesis.
Intuitively,, one would expect positive, as well as negative effects of plant diversity on
predatorr and herbivore levels on target plants.

62 2

ChapterChapter 1.2 - Predation by insects and mites

Intraguildd and intraspecific predation
Givenn the intraspecific (e.g. between-stage) and interspecific size differences among
naturall enemies of thrips it is not surprising that within-guild and within-species
predationn is a reality. The larger feed on the smaller and the stronger feed on the weaker.
Nabidss feed on lygaeids, mirids and anthocorids (Lattin, 1989; Rosenheim et al, 1993,
1995;; Riudavets, 1995). Anthocorids in the genus Orius feed on predatory thrips (ElSerwiyy et al., 1985) and on phytoseiid mites, such as Phytoseiulus persimiiis AthiasHenriott (Cloutier and Johnson, 1993), Amblyseius cucumeris (Oudemans) (Gillespie and
Quiring,, 1992), Amblyseius cucumeris (Oudemans) and - albeit to a lesser extent AmblyseiusAmblyseius degenerans (Berlese) (Wittmann and Leather, 1997). Phytoseiid mites feed
onn young, immobile or otherwise defenseless stages of predatory thrips (Sciarappa and
Swift,, 1977). This list of examples nicely illustrates the great potential for intraguild
predationn and the same applies to cannibalism, as it occurs in most, if not all, species of
thripss predators (Van den Meiracker, 1999; Polis, 1981).
However,, it should be stressed that most observations on intraguild predation stem
fromm laboratory experiments in small arenas (Cloutier and Johnson, 1993) or from small
enclosuress in the field (e.g. Rosenheim et al., 1993). Under these conditions predators
cannott do better than to feed on one another or to share the same prey. Under field
conditionss intraguild predation may be less intense for at least four reasons. First,
increasedd density of the target prey may lessen predation among predators (Gillespie and
Quiring,, 1992; Cloutier and Johnson, 1993). Second, the plant may provide refuges, such
ass domatia, that help predators to avoid hyperpredators. Third, the target prey may create
refugess that help predators small enough to enter these refuges to escape from larger
predators.. An example of such refuges might be those thrips-induced galls, that can be
invadedd by predatory thrips and phytoseiid mites, but not by nabids, mirids and
anthocorids.. Fourth, predators may avoid each other by feeding on different prey or
hidingg in the refuges of the alternate prey. For example, Phytoseiulus persimiiis AthiasHenriott suffers less predation by Orius tristicolor (White), when foraging in the silken
webb of its preferred prey, the two-spotted spider mite Tetranychus urticae Koch
(Cloutierr and Johnson, 1993). This chaotic web structure has a negative effect on the
predationn activity of Orius (Cloutier and Johnson, 1993), as it has on various species of
phytoseiidd mites (e.g. Amblyseius cucumeris (Oudemans), Amblyseius barkeri (Hughes)
andd Ambyseius degenerans (Berlese)) due to their difficulties in penetrating the web
(Sabeliss and Bakker, 1992).
Predatoryy arthropods may well be able to perceive direct or indirect (signalled)
informationn on prey food quality, prey defense, refuges from competitors and
hyperpredators.. Based on integration of this information they may determine where to go
andd on which prey to feed. Such decisions may already be taken at quite some distance
fromm the resource based on volatile chemicals signalling the 'state' of the resource. A
particularlyy interesting example is provided by the experiments of Janssen et al. (1997)
withh Phytoseiulus persimiiis Athias-Henriot. This predatory mite avoids odours from
spider-mitee infested leaves occupied by conspecific predators when the alternative was
spider-mitee infested leaves without these competitors. Janssen et al. (1997) suspect that
thee avoidance is elicited by alarm pheromones produced by the spider mites in response
too contact with predators. Such avoidance mechanisms may well exist within predator
guildss and they may free the thrips predators from the impact of intraguild predation. If
avoidancee of intraguild predation is the rule rather than the exception, then predators
sharingg the same prey will have an additive effect on the suppression of the thrips
populationn and the position of the thrips equilibrium will be determined by the relevant
traitss of each of these predators. If the opportunities for avoidance are lacking thereby
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forcingg predators to feed on the same prey, then intraguild predation may occur and this
mayy have important dynamical consequences (Polis et al., 1989; Polis and Holt, 1992).
First,, intraguild predation may lead to exclusion of the predator with inferior competitive
abilityy or to coexistence of the two predators in the special case where the inferior
competitorr feeds on the predator superior in competing for thrips. Second, coexistence of
thee two predators leads to an increase of the thrips equilibrium level, because intraguild
predationn goes at the expense of the superior competitor (i.e. the predator capable of
suppressingg the thrips to the lowest level). Third, such systems exhibiting intra-guild
predationn are particularly prone to switch between a steady state with one predator
speciess and one prey species and another steady state with both species of predators and
thee prey. Such switches between alternative stable states occur as a result of
perturbationss in numbers alone (e.g. due to non-persistent pesticides with a knock-down
effect),, and thus not from changes in predator or prey traits. Clearly, there is every
reasonn to pay more attention to the role of intraguild predation in the dynamics of the
predatorr community affecting thrips.
Populationn dynamics of two or more predators sharing thrips as prey have been
describedd only in a few cases. Ramakers (1988) observed that simultaneous releases of
AmblyseiusAmblyseius cucumeris (Oudemans) and Amblyseius barkeri (Hughes) for control of
ThripsThrips tabaci Lindeman in sweet pepper crops in greenhouses led to population increase
andd establishment of the former and very low but persistent populations of the latter. To
explainn the large difference in abundance he hypothesized that Amblyseius cucumeris
(Oudemans)) was the better competitor, but to date there are no published data
substantiatingg whether this is due to exploitative competition or intraguild interference.
Brodsgaardd and Hansen (1992) also found that Amblyseius cucumeris Oudemans had a
strongerr numerical response to the density of Thrips tabaci Lindeman, than Amblyseius
barkeribarkeri (Hughes), but in the long run only the latter predator was found in plots of
parthenocarpicc cucumber plants where both species were released. This may indicate
competitivee displacement as suggested by the authors, but there may be alternative
explanations,, such as differential ability to survive on alternate foods (not pollen, as it is
absentt in parthenocarpic cucumber) or differential emigration. Ramakers (1993) found
littlee difference in dynamics of Orius insidiosus (Say) between plots with and without
AmblyseiusAmblyseius cucumeris (Oudemans) as a competitor for western flower thrips as prey. He
suggesedd that the pirate bugs neither suffer nor gain from the presence of this predatory
mite.. However, the population of Amblyseius cucumeris (Oudemans) persisted in the
presencee of pirate bugs at low levels and greatly increased in absence of pirate bugs.
Ramakerss (1993) suggested that this was mainly due to the increased supply of western
flowerr thrips, but intraguild predation by the pirate bugs cannot be excluded as a cause.
Brodsgaardd and Enkegaard (1995) performed a series of replicated population
experimentss in small cabinets with western flower thrips and two-spotted spider mites as
herbivoress of Gerbera plants and Orius majusculus (Reuter) and Phytoseiulus persimilis
Athias-Henriott as predators. They reported that control of two-spotted spider mites by
PhytoseiulusPhytoseiulus persimilis Athias-Henriot is delayed in the presence of Orius majusculus
(Reuter).. Brodsgaard and Enkegaard (1995) suggest that this is due to the pirate bugs
feedingg on the predatory mites, in agreement with the laboratory observations of Cloutier
andd Johnson (1993). Most interestingly, the control of two-spotted spider mites was
improvedd by the addition of western flower thrips. They suggest that this is due to
preferentiall feeding of the pirate bug on thrips and/or to the thrips acting as yet another
predatorr of the two-spotted spider mites (Trichilo and Leigh, 1986).
Indeed,, several phytophagous thrips are known to predate on spider mites and other
phytophagouss arthropods. For example, the eastern flower thrips, Frankliniella tritici
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(Fitch)) feeds on eggs of the alfalfa weevil inside alfalfa stems (Barney et al, 1979) and
ThripsThrips imaginis Bagnall, Thrips tabaci Lindeman and Frankliniella schultzei Trybom
feedd on eggs of spider mites in cotton fields in Australia (Wilson et al., 1996). Western
flowerr thrips, Frankliniella occidentalis Pergande, is even considered to be beneficial on
cottonn (Gonzalez et al, 1995) because it is a relatively effective natural enemy of
tetranychidd mites (Gonzalez and Wilson, 1982; Trichilo and Leigh, 1986; Pickett et al.,
1988;; Wilson et al., 1991), and because it represents an alternate prey for predators such
ass Geocoris pallens (Stal), G. punctipes (Say) and Orius tristicolor (White) (Gonzalez
andd Wilson, 1982; Gonzalez et al., 1995). In agreement with a role of western flower
thripss as predators of spider mites Pallini et al. (1997) found that two-spotted spider
mitess avoid the odour emanating from cucumber plants infested by western flower
thrips,, when the alternative is odour from uninfested cucumber plants. Although these
resultss might just as well indicate a preference for uninfested plants, they are more likely
too be explained by avoidance, because two-spotted spider mites have a slight, but
significantt preference for odour from plants damaged to a similar degree by conspecific
mites. .

Concludingg remarks
Thee main aim of this review chapter on predators of thrips is to detect the most salient
traitss of predators and prey and to assess whether these traits suffice to understand
predator-preyy dynamics. We chose to limit our question by focussing on a local spatial
scalee where interactions between predator and prey populations are strongly coupled. In
doingg so, we ignored the spatial scale where dynamics at different locations are loosely
coupledd by long-range dispersal. It is well known that such metapopulation interactions
cann render the overall predator-prey system persistent, even when local dynamics are
unstablee (e.g. Sabelis et al., 1991).
Ourr review shows that information on life history and predation under conditions of
amplee prey supply give a reasonably transparant picture of the capacities of predators to
suppresss local populations of thrips. If we want to improve the precision of testing these
models,, then there is a need for complete information on life tables of predators assessed
withh thrips as prey. Much of the information provided in the literature is only partial
(onlyy few life history components are measured) and/or obtained on a diet of easy-to-rear
prey,, other than thrips. This accounts for the disappointing decrease of information going
fromm Fig. la-d on life history and predation to Fig. le on model predictions of the time to
preyy suppression. Moreover, the models can only be subject to critical testing when the
initiall predator-to-prey ratios are precisely known. Not only should we know the exact
numberss of predators released per plant or per leaf, but also which fraction actually
settless on the thrips-infested plants. Moreover, it is necessary to measure the initial thrips
densityy in exact the same units as the initial density of predators, otherwise predator-topreyy ratios cannot be assessed!
AA very simple predator-prey model extrapolating the dynamical consequences of
maximall capacities of predation and population increase proved to be quite successful in
predictingg local predator-thrips dynamics. Such an agreement can only be understood if
thee predators were strongly arrested to the thrips-infested parts of plants and if they
foragedd so as to keep their predation rate at a maximal level. This suggests that these
predatorss are good at finding thrips and that they are close to being optimal foragers!
Unfortunately,, there is virtually no research on the behavioural mechanisms underlying
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arrestmentt and foraging. Clearly, such research is much needed as it represents an
independentt test of the above suggestions on optimal foraging and strong arrestment.
Anotherr salient outcome of testing the simple predator-prey model is that - contrary
too predictions - the thrips populations are not eradicated but rather settle at a low
equilibriumm level after one or more initial cycles. Thus, the local dynamics of predator
andd prey are not unstable and one may wonder what the stabilizing mechanisms are.
Probably,, the presence of invulnerable thrips stages and prey refuges plays a major role
inn stabilizing the interaction, but there may be others too, such as the presence of
alternativee food or prey.
Itt should be emphasized that many of these salient features can be at least partially
controlledd by the plant. The plant may create refuges (domatia), provide alternative food
(pollen,, nectar), tolerate less harmful herbivores as alternative prey for predators and
perhapss also release 'alarm calls' to signal the presence of thrips as prey to their
predators.. In this way plants may facilitate arrestment of predators on thrips-infested
plants,, they may enable the predators to forage optimally and they may provide the
conditionss for local predator populations to persist. These possible plant-predator
interactionss have hardly been investigated for predators of thrips and therefore warrant
furtherr study. Having suggested this, it should be realized also that each of these plantprovidedd facilities are open to misuse by others, as in probably any mutualistic
interaction. .
Whilee food web complexities have been kept to a minimum in the analysis presented
inn this chapter, we should certainly not close our eyes for it. As argued in the previous
paragraph,, there are sound theoretical reasons why systems, characterized by two or
moree predators feeding on the same prey and on each other, give rise to complex
dynamicall responses such as a switch to an alternative steady state after perturbation of
populationn size. However, because parsimony is a virtue in itself, we rather take a devil's
advocatee position by arguing that intraguild predation may well exist, but selects for
avoidancee responses among predators. Many of the experiments demonstrating
intraguildd predation did not give appropriate opportunity for such avoidance responses.
Inn other words, there is a need for demonstrating not only how predators balance the
benefitss of acquiring profitable prey and the risk of being eaten themselves, but also
whetherr intraguild predation occurs frequent enough to influence simple interactions
betweenn one predator and one prey.
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Addendumm 1
Proceduree for estimating rm
Assumee the non-zero part of the age-dependent reproduction curve can be described by a
trapezoidd with the position of the corners along the age-axis indicated by:
AA = age at first egg deposition,
T\T\ = age at start of maximal oviposition,
TT22 = age at end of maximal oviposition, and
W=W= age of last egg deposition.
Dataa on these positions were obtained from graphs on age-dependent oviposition
(Z?age)) and then used to estimate rm (labelled by a in fable 2). The intrinsic rate of
increasee was obtained from the Lotka-equation, which, for this special case of a
trapezoidd reproduction curve, reduces to:
\E\AJ\)\E\AJ\)

E(W,T2)\

\T.-A\T.-A

W-K]
;

E(XJ)E(XJ)

=

E(T,T2)
— + v "

2

,
' =1

exp(-rmX)-exp(-rmY)

wheree R(T) = R(Tl) = R(T2) is the maximum rate of net reproduction.
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Inn case of missing life-history data (see Table 2) the following assumptions were
madee to calculate rm (labelled by b in Table 2):
1.. Pre-ovipositional period equals 20% of the juvenile period (egg-adult),
2.. Age at first egg deposition (A) equals the mean egg-to-egg developmental time,
3.. Sex ratio equals 66% for phytoseiid mites and predatory thrips (overall mean), 55%
forr anthocorids and 50% for all other species,
4.. The position of the four corners of the trapezoid reproduction curve were calculated
fromm the mean oviposition period (P), i.e. for mites and thrips as T}-A = 0.15 x P, T2-A
== 0.7 x P and W-A = 1.3 x P, and for other insects as TrA = 0.25 x P, T2-A = 0.75 x P
andd W-A = 1.25 x P ,
5.. The height of the trapezoid (maximal ovipositional rate) was chosen in such a way
thatt the total fecundity (the surface of the trapezoid) corresponds to the measured value,
6.. Juvenile survival was set equal to 80%.
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