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Abstract

There are more than 330 Liriomyza species (Diptera: Agromyzidae) and many are economically
important pests of field crops, ornamentals and vegetables. Given the substantial economic losses
associated with various aspects of Liriomyza feeding as well as the ability of these insects to rapidly
develop resistance to insecticides, researchers from many countries have attempted to use bio-
logical control to manage these pests. Unfortunately, progress on the science and implementation
of effective Liriomyza biological control is hampered by the literature being scattered widely and
in many different languages. A primary goal of this review is to consolidate the available infor-
mation and provide an analysis of the published work. Investigations of natural enemies of Liriomyza
have identified approximately 140 species of parasitoids, a few species of predators (including
nematodes), and some entomopathogens. Some species of parasitoids and nematodes have been
mass-reared and used for biological control of Liriomyza species under confined environmental
conditions. While chemical control is still used extensively, conservation biological control and
inoculative releases are being adopted as a primary strategy for Liriomyza suppression in select

situations.
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Introduction

There are more than 330 Liriomyza species described to
date, and many are economically important pests of field
crops, ornamentals and vegetables throughout the world
[1-3]. More than 20 species of Liriomyza have been
reported as being economically important, and at least six
species are polyphagous: Liriomyza sativae (Branchard),
Liriomyza trifolii (Burgess), Liriomyza huidobrensis (Bran-
chard), Liriomyza bryoniae (Kaltenbach), Liriomyza strigata
(Meigen) and Liriomyza longei Frick [4, 5]. Believed to
be of Neotropic origin, the geographical distribution of
Liriomyza species was restricted to the New World until
the mid-1970s. As a result of anthropogenic activities,
these species now occur in most of the temperate and
tropical regions in the world [6].

The management of agromyzid leafminers continues to
be a topic of extensive research and scientific debate.
Synthetic and natural insecticides for leafminer control
have been extensively researched and are commonly used
by farmers and producers regardless of production scale
and crop [7-9]. The effectiveness of these insecticides has
been reduced by their indiscriminate use, which has
adversely impacted natural enemies and resulted in the
development of resistance to several groups of insecti-
cides [7-10].

Integrated pest management (IPM) seeks to provide an
effective and economical control strategy that minimizes
the disturbance of anthropogenic control measures on
the natural components of the agro-ecosystems. Asa
result, biological control is often emphasized as an
important remediation strategy to combat pest outbreaks.
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IPM has been researched extensively for the manage-
ment of Liriomyza on field vegetables and other field
crops, thus providing the tools necessary for imple-
mentation in selected crops and regions of the world [5,
11-18].

Extensive, worldwide investigations of Liriomyza natural
enemies report more than 140 species of parasitoids [1, 6,
19-38], but only a few species of predators (including
entomopathogenic nematodes) and entomopathogens.
Several of these species of parasitoids and nematodes
have been mass-reared and used for biological control of
Liriomyza species under confined environmental condi-
tions. Here, we review some major natural enemy species
of Liriomyza that have been successfully used or have
excellent potential for commerecialization and subsequent
use in biological control programmes. We also review
progress in conservation biological control that promotes
natural control and the use of biorational insecticides in
integrated leafminer management programmes. However,
even a comprehensive review such as this cannot include
all of the research available for a topic as broad as bio-
logical control of Liriomyza, and we have necessarily been
selective.

Natural Enemies

Liriomyza species are known to have rich natural enemy
communities, particularly in their areas of origin [1, 6, 21,
26]. The following provides the key literature listing the
natural enemies of Liriomyza species by guild.

Parasitoids

Noyes [30] listed over 300 species of agromyzid para-
sitoids, and over 80 species that are known to attack
Liriomyza species. Minkenberg and van Lenteren [6] dis-
cussed several European parasitoid species in detail in
their review. La Salle and Parrella [22] listed 23 Nearctic
species of parasitoids of Liriomyza. At least 14 parasitoid
species are known from Florida alone [19, 20, 23, 24].
Vega [29] listed 72 species of parasitoids from various
countries, with the majority coming from South America.
There are several regional reviews for the leafminer
parasitoids in Asia and the Pacific Islands [21, 27, 31],
including 28 species in Japan [25], 14 species in China
[26, 35, 37-39], 11 species in Indonesia [40], 8 species in
Malaysia [26, 31] and 18 species in Vietnam [31, 32, 34].
Cikman and Uygun [28] and Cikman et al. [33] reviewed
the parasitoid species in Turkey. Some parasitoid species
are also hyperparasitoids such as Neochrysocharis formosa,
which is an endohyperparasitoid of several parasitoids
of Liriomyza. In one study, hyperparasitism by N. formosa
was found to be as high as 100% for the 2 months
immediately following the first inoculative release of
Diglyphus isaea [41].

Predators

Although several predatory species have been found
feeding on Liriomyza, predators are not considered to be
important as biological control agents as compared with
parasitoids [5, 16—18]. The most common predators are
mirids, including: Cyrtopeltis modestus (Dist.), Dicyphus
cerastii VWagner, Dicyphus tamaninii VWagner and Macro-
lophus caliginosus Wagner [42—46]. The adults and nymphs
are mobile and can prey on leafminer larvae or pupae.
D. tamaninii may also damage tomato fruits when prey
density is low [45, 47]. M. caliginosus originates from the
Mediterranean, is an important predator of Liriomyza,
and is able to survive even with low levels of food [48].
M. caliginosus used alone or in combination with para-
sitoids (D. isaea) has been used to control L. bryoniae in
commercial tomato greenhouse situations [43, 48].

Several other predators of Liriomyza have been recor-
ded. A ponerine ant (Formicidae: Ponerinae) has been
recorded attacking L. trifolii larvae [49]. A cecidomyiid fly,
Aphidoletes aphidimyza (Rondani) (Diptera: Cecidomyii-
dae) has been recorded as a predator of L. bryoniae on
tomato in greenhouses [50]. A number of predaceous
flies have been reported preying on Liriomyza, including
empidids (Diptera: Empididae) and muscid flies (Diptera:
Muscidae) attacking adult L. trifolii in Israel [51] and
some dolichopodids (Diptera: Dolichopodidae) attacking
Liriomyza spp. in Indonesia [40]. The larva and adult of a
predatory thrips, Franklinothrips vespiformis (Crawford) has
been reported to attack L. trifolii larvae [52]. A lynx spider
in the Oxyopidae (Arachnida) has been recorded attack-
ing L. trifolii adults [49].

Entomopathogenic Nematodes

A few species of entomopathogenic nematodes have been
found infecting Liriomyza spp., and those nematodes
include Heterohabditis heliothidis, Heterohabditis megidis,
Heterohabditis sp. (strain UK 211), Steinernema carpocapsae
(Weiser) and Steinernema feltiae (Filipjev) (=Neoaplectana
feltiae) [53-61].

Commercially available entomopathogenic nematodes
of Liriomyza are often reared in vitro on an insect host (often
the larvae of Galleria mellonella L.). The infective stages of
nematodes are subsequently sprayed on Liriomyza-infested
plants Liriomyza at crop- and environmentally specific
application rates and frequencies depending on the crop
[62]. The infective juveniles enter the leafmine via the
punctures created by female flies during egg laying or host
feeding. Upon contact with the host larva, nematodes are
likely to infect the insect via the anus rather than the mouth,
but not through spiracles. The nematodes can kill the lar-
vae, the prepuparia and the early puparia. First- and second-
instar larvae of Liriomyza die soon (0.25-0.66 h) after
penetration by a nematode, whereas prepuparia die after
an average of 15 h. LeBeck [62] discovered S. carpocapsae
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to reproduce successfully in all immature stages of L. trifolii
except for the first-instar and the early puparium. In addi-
tion, these nematodes can also attack early puparia of Lir-
iomyza in soil. Entomopathogenic nematodes have been
found to cause significant reductions in Liriomyza popula-
tions after application. However, efficacy varies depending
on pest species, development stage of the pest, con-
centrations of nematodes and environmental conditions.
Larval mortality of Liriomyza can be as low as 4% [54], or
reach as high as 85-97% under laboratory or greenhouse
conditions at high humidity [55, 63], thus presenting a
substantial limitation to widespread use of entomopatho-
genic nematodes for control of leafminer larvae.

Environmental conditions are critical to the survival and
virulence of nematodes. Evidence from various studies
suggests a requisite ambient relative humidity of greater
than 90% for nematodes to have sufficient time to enter
the high humidity leaf mines before desiccating [54-56, 64].
Hara et al. [54] found that high levels of relative humidity
(at least 92%) were needed to attain even moderately high
(greater than 65%) levels of parasitism. Interestingly,
temperature is not as critical as humidity. Williams and
MacDonald [56] found that when S. feltiae was applied to
secondinstar larvae, it was equally effective throughout the
temperature range of 10-30°C. In some cases, special
adjuvants may be required to make the nematodes more
effective, such as glyceririne [55]. These apparently modify
the microclimate to the benefit of the natural enemy.

An additional concern is that entomopathogenic
nematodes do not appear to reliably become established;
they frequently disappear quickly after application even
following situations where high levels of mortality result.
Although nematodes can provide suppression rapidly, and
they can be applied through both commercial equipment
or manually, biological control of Liriomyza using ento-
mopathogenic nematodes has generally proven imprac-
tical because of the low mortality (<80%) and sensitivity
to humidity [65]. Entomopathogenic nematodes are
commercially available in many countries around the
world. Currently, because of their high cost and variable
effectiveness on Liriomyza in comparison with other con-
trol agents, their use is restricted to high-value crops in
small niche markets. However, the wide range of sus-
ceptible Liriomyza instars, and the relatively rapid death
after penetration by very few nematodes, should encou-
rage continued research and use of entomopathogenic
nematodes for leafminer control. From a practical
standpoint, the fact that they have better storage ability
and can be distributed using existing technologies is
equally important. In addition, they may integrate well
with other practices [60, 61].

Entomopathogens

Entomopathogenic fungi that have been reported to
infest Liriomyza include Beauveria bassiana (Bals.) Vuill,
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Paecilomyces fumosoroseus (Wize) Brown and Smith,
Paecilomyces lilacinus  Vaginitis, Metarhizium anisopliae
(Metsch.) Sorokin and Verticillium lecanii Viegas [66]. Most
of these are commercially available for management of
numerous pest insects in greenhouses. Research suggests
that the efficacy of these materials is not always con-
sistent. Bordat et al. [67] tested the susceptibility of
L. trifolii and L. sativae puparia to 11 strains of entomo-
pathogenic fungi in the laboratory. Puparia were placed in
peat infected at a rate of about 10® conidiospores/g with
suspensions of B. bassiana, M. anisopliae, Paecilomyces
farinosus and P. fumosoroseus. At 25°C, L. trifolii was suscep-
tible to P. farinosus (23% adult emergence) and 2 strains of
P. fumosoroseus. Liriomyza sativae was generally less sus-
ceptible than L. trifolii to the tested strains. One strain of
M. anisopliae and one strain of P. farinosus were modestly
efficient, as adults emerged from only 24 and 28% of
puparia, respectively. Borisov and Ushchekov [68] tested
six species of entomopathogenic fungi against L. bryoniae,
and found that P. lilacinus and M. anisopliae were the most
effective, reducing adult emergence from soil by 70-94
and 60-88%, respectively, as compared with the
untreated control. We could find no information on the
potential interactions between fungi and the parasitoid
species that attack the puparia. Possibly as a result of
inconsistent performance, the entomopathogenic fungi
have not attracted attention as leafminer biological con-
trol agents, even in greenhouses where environmental
conditions can be likely optimized. There appears to be
considerable potential for research designed to (1) max-
imize performance (strain selection, timing and applica-
tion strategies) of entomopathogens for leafminers, (2)
evaluate the possible interactions of parasitoids and
entomopathogenic fungi, and (3) develop environmental
manipulation or application technologies that minimize
the effects of environmental adversity.

Biological Control Using Parasitoids

Biological control of Liriomyza under field conditions has
achieved mixed results, and most researchers have tar-
geted L. trifolii and L. sativae [26]. Biological control efforts
have developed in two major agricultural areas: horti-
cultural industries under protected environments [5, 16,
26, 69] and in commercial vegetable production [13]. In
general, biological control efforts under greenhouse
conditions have focused on inoculation and augmentation
strategies. Augmentative releases of natural enemies have
been successfully applied in protected environments for
control of many vegetable pests [5, 70]. In comparison,
successful cases of biological control for leafminers on
ornamental crops are few [16]. In field crops, conserva-
tion biological control has been the most successful
approach [15].

Yano [66] discussed some limiting factors in biological
control programmes, including low tolerance of pest
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damage by some crops, availability of a reliable supply of
natural enemies, poor advisory service for growers and
the need for registration and importation of some para-
sitoids. Many species of arthropod natural enemies are
now registered for release in many countries with New
Zealand as one notable exception [71], thus resulting in
sufficient numbers of imported or indigenous natural
enemies now supplied by private companies.

Heinz and Parrella [72] described the attack behaviour,
host size selection and host feeding behaviour of the larval
ectoparasitoid Diglyphus begini (Asmead) on L. trifolii in
chrysanthemum; and this suite of behaviours has been
subsequently verified in other parasitoids attacking
Liriomyza spp. in various other crops [73-76]. After
encountering a larval host, a female parasitoid may either
reject a host completely (resulting in no probing with its
ovipositor), probe the host with its ovipositor and feed on
exuding haemolymph (termed host feeding), or it may
probe the host and place one or more eggs in or adjacent
to the host (oviposition). The effects of parasitoids on
biological control of Liriomyza leafminers can vary sig-
nificantly as the densities of indigenous parasitoids
occurring within field grown crops is highly dependent
upon a variety of biotic and abiotic parameters. Generally,
parasitoid assemblages in natural, unmanaged habitats
tend to be more species rich than assemblages of para-
sitoids on leafminers in agricultural habitats, although
significant heterogeneity occurs among studies [77].

The literature suggests a general pattern of parasitism
in field crops. Johnson et al. [11] found that parasitism of
L. sativae on tomato by Chrysocharis oscinidis was usually low
early in crop development and gradually increased as the
crop matured, when insecticides were not used. In celery,
L. sativae and L. trifolii populations reached peak levels early
in the season, but declined to negligible levels for the last
month of the growing season as parasitism reached 90%
[78]. Heinz and Chaney [79] found L. huidobrensis popu-
lations in early season celery to be quite low, possibly
because of the activity of indigenous parasitoids. How-
ever, biological control in late season celery was fre-
quently lost because of a high influx of leafminer adults
from neighbouring lettuce fields. Neuenschwander et al.
[80] found that five indigenous eulophid species plus five
other rare parasitoids frequently caused 90% parasitism
on L. trifolii, and rates were highest in fields free from
insecticides. In Victoria, Australia, Bjorksten et al. [81]
found that natural control exerted by local parasitoids
was high, with 100% control of Liriomyza chenopodii
reached in beets within 1-3 weeks of mines appearing and
100% control of Liriomyza brassicae within 6 weeks.

Interestingly, invading leafminer populations have
sometimes been observed to decline naturally after a few
years and it has been hypothesized that this is the result of
the action of local natural enemies [26]. For example,
after the invasion of L. trifolii in Senegal in 1980, five
indigenous and five another parasitoid species were
found, and parasitism frequently reached 90% [80].

Liriomyza huidobrensis and L. sativae were first found in
Indonesia in 1994, and eight species of parasitoids were
found in 1998 [40], although only one has been found
to be common currently. Similar parasitoid diversity has
been found on Liriomyza species expanding their ranges
into in lran [82], Malaysia [83], Vietnam [32, 34], Japan
[66], China [27, 84] and the USA [85]. Globally, the effort
to determine the occurrence of leafminer parasitoids has
resulted in an exceptionally large number of species of
potentially useful parasitoids [32, 34, 84, 86-88].

This regional biodiversity clearly provides a rich com-
munity of indigenous parasitoids that contribute to the
control of the invasive Liriomyza species. Despite the dif-
ficulties in quantifying the effects of indigenous parasitoids
(often due to patterns of pesticide use), they should be
treated as a resource and protected as much as possible.
Although specialized to attacking hosts with a leafmining
habit, there is little evidence that Liriomyza parasitoids
belonging to Eulophidae display and high degree of spe-
cificity among leafmining hosts [26, 39]. This behaviour
can be beneficial in terms of conservation biological
control, provided none of the leafmining species are
viewed as valuable non-target organisms.

Conservation Biological Control in Field Crops

Successful biological suppression of Liriomyza species to
non-economic levels has been effective in large-scale,
commercial field crops. Typically, biological control is
most effective in crops such as tomatoes, cucurbits and
potatoes that produce fruit that are not directly attacked
by leafminers. Solanaceous plants, in particular, have an
excess of photosynthate production, thus permitting
considerable foliar damage without appreciable yield
losses [89, 90]. It has been found that L. huidobrensis
infestations often look worse than the actual damage the
leafminers did, and in contrast, low-level infestations of
Liriomyza on solanaceous plants (tomatoes) will increase
yield [91]. In lima beans, the leaves actually produce
restitutive growth that fills in the mines with photo-
synthetically active mesophyll tissue, allowing very sig-
nificant damage before yield losses occur [92]. Crops such
as lettuce and spinach, where the leafminer-damaged
portion of the plant is harvested, are most likely to
benefit from biological control efforts early in the season
before the harvestable portion develops. The value of
biological control for other crops, such as celery, will vary
depending on which Liriomyza species are present and
when the populations occur. For example, L. trifolii feeds
on the leaves of celery, and the leaves are removed at
harvest. However, plants that are damaged early in the
season, or that have 25% or more of the leaves mined late
in the season, will suffer significant loss of photosynthate
production that extends the time required for crop
completion [93]. In contrast, L. huidobrensis often produce
mines in the petioles, which are the marketed portion of
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the plant [79]. For celery attacked by this species, early
season biological control is most optimal. Regardless of
the timing, the conservation and use of biological control
agents provide a strategy that can help reduce pesticide
resistance by delaying the need for insecticide applications
and by removing individuals that could be developing
resistance. Even with the crops that are most problematic,
there are a number of strategies suggested to maximize
control of leafminers.

Probably the most important strategy to maximize
naturally occurring biological control has been the selec-
tion of pesticides, which have minimal impact on leafminer
parasitoids. This strategy has been used to develop widely
used IPM programmes on a variety of crops. In Mexico, an
IPM programme for spring plantings of tomatoes pro-
duced a reduction in leafminer puparia in collection trays
from 185.1/tray/day in a conventional pesticide pro-
gramme to 4.1/tray/day [14]. This is below the 20 puparia/
tray/day believed to cause economic losses, and net
profits were substantially higher in the IPM plots [14].
Similar results were found in celery in California [15, 93,
94] and tomatoes in California [90] and Israel [95]. This
latter tomato study also documented a dramatic reduc-
tion in adult parasite mortality in the IPM programme as
compared with the conventional pesticide programme. In
every case, these programmes reduced: (1) overall pes-
ticide use, (2) leafminer populations, (3) potential envir-
onmental problems, and (4) worker health and safety
concerns, while at the same time increasing net profits.
However, all of these crops have a complex of herbi-
vorous pests, and the increased profits undoubtedly
resulted from a combination of maximizing leafminer
parasitism and minimizing losses from other pests. Thus,
for biological control of Liriomyza spp. to be cost-effective,
developing IPM programmes that incorporate pesticides
with minimal effects on leafminer parasitoids is a viable
strategy.

Although not always possible, habitat diversification and
management can be important for enhancement of Lir-
iomyza parasitoids. For example, weed patches near crops
can be important reservoirs for parasitoids [96]. Salvo
et al. [97] analysed the parasitoid assemblages of L. huido-
brensis in relation to natural, urban and cultivated
habitats through experimental and comparative meth-
odologies. Their results showed that overall parasitism
and parasitoid species-richness were lower in simple as
compared with complex habitats. In these tests, parasit-
ism of L. huidobrensis on weeds increased in the sequence:
cultivated systems > urban sites > natural ecosystems.
Small leafminer populations attracted the highest total
number of parasitoid species in cultivated habitats. Some
degree of habitat specialization was detected in eulophid
species, which were particularly scarce in cultivated
habitats, with the reverse being found for braconids.

Even though many parasitoid species are polyphagous
and attack several leafminer species, some are strongly
influenced by host plants [26]. Parasitoid species and the
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proportion of each species reared from the leafminers
vary with host plants, crop timing and geographic loca-
tions [34, 40]. Johnson and Hara [98] suggest that effec-
tive biological control may depend on matching the most
effective natural enemies with a given Liriomyza species
and crop. Crop monoculture has been considered one of
the factors contributing to the disruption of parasitoids; at
least some of the major parasitoids have particular crop
‘preferences’ and thus their impact may be reduced on
‘non-preferred’ crops. This variability in host-plant pre-
ference was evident on adjacent plantings of celery and
tomatoes in California, where some parasitoids showed
substantial crop preferences, while others did not [85].
Gratton and Welter [86] studied the population dynamics
and parasitoid assemblages of Liriomyza helianthi Spencer
over a 3-year period on the Helianthus annus L. and
Xanthium strumarium L. in northern California. They found
that the most common species, Diglyphus spp. and Neo-
chrysocharis arizonensis (=Closterocerus arizonensis) showed
no bias in association with a particular leafminer or plant
species, but one parasitoid, Closterocerus ainsliei Crawford,
was strongly associated with H. annus. This variability
complicates our ability to predict which parasitoid species
will provide the most useful leafminer control, particularly
in crops or natural systems that have not been investi-
gated in detail.

Although host location cues of parasitic wasps include
visual, acoustic, and contact and taste cues, most evidence
indicates that chemical information plays the most
important role in plant—leafminer—parasitoid interactions
[99]. For instance, Dicke and Minkenberg [100] found that
volatile blend from leafminer-infested tomato leaves
affected the behaviour of Dacnusa sibirica in the absence of
visual cues. Petitt et al. [101] also reported that Opius
dissitus preferentially landed on leafminer-infested rather
than non-infested potted lima bean plants. Over the past
20 years, evidence has been accumulating that provides a
physiological basis for host-plant discrimination by leaf-
miner parasitoids [99]. Plant volatile compounds have
been shown to elicit significant responses attractive to
parasitoids in electrophysiological and behavioural
experiments [102-104]. The olfactory sensibility of para-
sitoids only respond to a limited number of the com-
pounds released by insect-damaged plants, thereby
substantially reducing the number of compounds that
require testing [102]. Using an electroantennogram
(EAG), Zhao and Kang [105] found that neither the
healthy host nor non-host plants of L sativae elicited
distinctive EAG responses in D. isaea; whereas odours of
physically damaged leaves, whether from host or non-host
plants, elicited strong EAG responses of the leafminer
and its parasitoid. This study implied that physical damage
can induce production of EAG-active compounds in
host-plants which is distinct from that in healthy plants.
Wei and Kang [102] and Wei et al. [103, 104] showed
that (Z)-3-hexen-1-ol induced by the leafminer damage
is the most important chemical that attracts leafminer
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parasitoids, and TMTT and 3-methylbutanal oxime play
important roles in distinguishing the host and non-host
plants of Liriomyza species. Therefore, the infochemicals
induced by leafminers from host and non-host plants
could be employed as repellents to push leafminers away
from crops and attractants to pull natural enemies.

Classical Biological Control under Field Conditions

For the purposes of this review, classical biological
control refers to the practice of importing and releasing
non-indigenous parasitoids for leafminer suppression.
Some notable successes in the control of Liriomyza spp.
have been achieved on some of the Pacific Ocean islands —
Hawaii, Tonga and Guam [98, 106]. In Hawaii, a particu-
larly successful programme of parasitoid introductions
against L. trifolii and L. sativae was achieved in the late
1970s and 1980s. Ganaspidium utilis Baerdsley was intro-
duced in 1977 and had a major impact on L. trifolii and
L. sativae on watermelons and may be important for
suppression of L trifolii on celery [106]. Neochrysocharis
diastatae had a significant impact on both leafminers
on several vegetable crops [106]. In Tonga, G. utilis and
C. oscinidis were released in 1988 for the control of
L. trifolii on watermelon, pumpkin, tomato, bean and Irish
potato with great success [106]. Johnson and Hara [98]
reported that the predominant parasites reared from
the four major species of Liriomyza infesting 12 different
host crops in North America and Hawaii. They found that
although no single parasitoid species was the predominant
biological control agent in most crops; however, D. begini,
Halticoptera circulus and Chrysonotomyia punctiventris were
either the first or second most reared species in 60.9,
26.1 and 21.7% of the studies, respectively. Because of
uneven distribution of parasitoids among crops, Johnson
and Hara [98] suggested that effective biological control
may depend on matching the ‘most effective’ parasitoid
species complex with a given Liriomyza species and crop.

Host Feeding

Host feeding, a form of parasitoid predation, on leafminer
larvae plays a significant and positive role in generating
successful biological control [107-109]. In augmentation
biological control, where natural enemies are commer-
cially mass-produced and subsequently released into a
target crop, host killing by host feeding may contribute
significantly to leafminer suppression. However, host
feeding is unprofitable in the mass-production step
because it does not result directly in production of pro-
geny. Hondo et al. [110] found that seven species of
eulophid parasitoids (Pnigalio katonis, Hemiptarsenus vari-
cornis, D. isaea, Diglyphus minoeus, Diglyphus pusztensis,
Chrysocharis pentheus and N. formosa) are solitary and
idiobiont parasitoids, and their adults kill leafminer larvae

directly through host feeding. Each female of an intro-
duced and a native D. isaea could feed and kill up to 466
and 239 L. trifolii larvae at 20°C, respectively, in their
lifespan. Parrella et al. [42] found that Diglyphus inter-
medius, D. begini and Chrysocharis parksi killed more L. trifolii
larvae through host feeding than were parasitized. Chien
and Ku [111] found the native parasitoids of L. trifolii from
Taiwan, H. varicornis, C. pentheus, Chrysonotomyia okazakii
and N. formosa, exhibited host-feeding behaviours. For
purposes of host feeding or parasitization, all of these
parasitoids preferred to oviposit on third instars.

Augmentative Biological Control

As described by Yano [66], augmentation involves efforts
to increase populations of natural enemies through
releases of insectary-reared stock. Inoculative augmenta-
tion refers to the application of an indigenous agent early
in the season to enhance subsequent buildup in the bio-
logical control agent population, whereas inundative aug-
mentation refers to the mass application of an agent with
the primary objective of high initial kill. Because para-
sitoids can provide effective suppression of leafminers in
the field when disruptive insecticides are not used, there
has been considerable interest in augmentative releases.
This approach has been used principally in greenhouse-
grown crops, but it may also be applicable to field crops in
some circumstances. For example, in Western Sumatra,
Indonesia, extension workers successfully taught farmers
in areas of low pesticide usage to redistribute parasitized
leafminers to cauliflower fields where parasitoids were
absent or had low activity [112]. This approach was suc-
cessful, in part, because of the farmers avoided the costs
of a mass-rearing programme.

The ultimate success of augmentative biological control
may depend on releases of biological control agents that
maximize establishment, are released in synchrony with
the host, and can be integrated into IPM programmes in
conjunction with co-existing natural enemies [59, 60, 113]
or insecticides. Thus, determining species complex as well
as the optimal release schedules and rates that maximize
the effectiveness of natural enemies can increase the
effectiveness of augmentative biological control and
increase potential economic benefits. The practical appli-
cation of augmentative biological control has been hin-
dered by the high cost of natural enemies, problems
associated with the availability and quality of natural
enemies, a lack of rigorous research on successful versus
ineffective release rates, and in many cases, the lack of
economic analyses.

Mass-Rearing Parasitoids

Mass rearing sufficient host material is essential for mass-
rearing parasitoids. To rear any Liriomyza species requires
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quality host plants under suitable environmental and
nutritional conditions. The ideal host plants should be
easily propagated and maintained, be attractive to females
for oviposition, and support high numbers of leafminer
larvae. Various host plants have been used to rear Lir-
iomyza spp., including lima bean [114, 115], tomato [116]
and cowpea [117]. To date, no artificial diet has been
reported for leafminers.

Many species of parasitoids of Liriomyza have been
successfully mass-reared or at least have been the subjects
of mass rearing attempts. Because the cost of parasitoid
production is often rather high, reducing rearing costs is
critical to implementation [118]. The commercial pro-
duction of natural enemies is likely to be substantial until
demand for inundative releases increases to allow mass
production to achieve greater efficiency of scale. Until this
occurs, inundative release against Liriomyza species in field
crops is unlikely.

There are several factors that can interfere with effi-
cient mass production of parasitoids. For example, over-
production of males contributes to higher costs for
biological control because only females directly kill pests.
Ode and Heinz [73] found that host size positively affects
both male and female wasps, and females produced
more daughters in larger hosts and more sons in smaller
hosts. They developed a technique of presenting female
D. isaea with groups of sequentially larger leafminer
hosts (L. huidobrensis) to attack; this generated progres-
sively more female-biased sex ratios. After 3 days of
providing increasingly larger hosts they were able to
reduce the sex ratios produced by individual females from
57% male to 36% male. Sex ratios produced by groups of
females dropped from 64% male to 45% male. Chow and
Heinz [17, 117] developed a similar technique to create
less male-biased sex ratios for D. isaea. Using a combi-
nation of small and large hosts produced slightly lower
percentages of males (from 66% to 56%) as compared
with using only large hosts. This could reduce costs
of females by 23%, and reduce overproduction of males
in D. isaea with no compromise in biological control
efficacy.

Storage of parasitoids can also be problematic. The
effective duration of storage can be affected by tem-
perature and host plants. Chien et al. [119] investigated
the suitable life stages and conditions for storage of
N. formosa and subsequent offspring production. They
found that female wasps could be stored at 15°C for
1040 days or at 25°C for 10 days and still maintain high
fertility for mass production purposes. However, for
inoculative field releases where host-feeding was also
useful, N. formosa females could be stored at 15°C for 50
days or 25°C for 20 days, or 1-day-old pupae at 10°C for
2-3 weeks. In a similar study, Chien et al. [120] found that
for field releases of H. varicornis without reducing host-
feeding capacity, females could be stored at 15°C for
10-30 days or at 25°C for 10-15 days. H. varicornis
females could also be stored at 15°C for 40 days or
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1-day-old pupae at 10°C for 1—4 weeks. Under storage
conditions of 15°C for 10 days, female H. varicornis
showed a comparable daily oviposition pattern to that of
the control. Mass-rearing and while maintaining a high
fertility of the wasps, H. varicornis females could be stored
at 15°C up to 30 days, 25°C for 1015 days, or 1-day-old
pupae at 10°C for 14 weeks.

Inundative Augmentation of Parasitoids
in Greenhouses

Inundative mass-releases of various species of parasitoids
have achieved mixed success. Because of the costs of
mass-rearing programmes for inundative releases, most
of the research to date has been conducted in green-
houses with relatively high-value crops. Unlike some of
the vegetable crops that can tolerate damage, commer-
cially produced ornamental crops must meet very high
aesthetic standards that may limit the usefulness of bio-
control agents once marketable foliage is produced. Sev-
eral parasitoid species, including D. sibirica [121], D. begini
[122-124] and D. isaea [118] have been inundatively
released for controlling Liriomyza spp. in various crop
systems. These are discussed individually in the following
text.

D. isaea

D. isaea is one of the few species of leafminer parasitoids
that are commercially available [16, 125]. Prices in early
2008 ranged from approximately US$86—112 for 250
adults. Inundative releases of D. isaea against L. trifolii have
been tested as part of IPM programmes in greenhouse
vegetables [126—128]. D. isaea has proven effective against
L. trifolii on tomatoes [127]. Ozawa et al. [127] released
D. isaea at 0.13 females/plant for 5 releases, 0.19 females/
plant for 8 releases and 0.15 females/plant for 3 releases
from spring through summer, and the mortalities of leaf-
miner larvae increased by 94, 98 and 100%, respectively.
The numbers of empty mines were 1.3, 2.2 and 3.4 per
leaf at the end of the experiment, respectively. The
maximum parasitism levels, based on the number of adult
parasitoids emerging from samples collected in the release
greenhouses, were 92, 87 and 95%, respectively. Boot
et al. [129] reported nearly 100% parasitism of L. bryoniae
following an inoculative release of D. isaea. Cabitza et al.
[130] released mass-reared individuals of D. isaea to
control L. trifolii, and documented 100% suppression
despite high levels of infestation of the pest (which
reached 74 mines/plant). Similarly, Ushchekov [116]
reported that L. bryoniae in the summer—autumn rotation
could be effectively reduced by a single release of
1 female/15 larvae of Liriomyza. Ulubilir and Sekeroglu
[131] found that with the release rate of D. isaea at 100
adults/100 m* (at 10 different locations within a green-
house, each 10 adults/10 m?), larval populations of L. trifolii
decreased to <1 larva/leaf, which was similar to the larval
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densities of the cyromazine-treated plots. However, while
Liriomyza control can be achieved through inundative
releases, the cost:benefit ratios were not reported, and
the economic viability of the approach could not be
documented.

Sampson and Walker [132] used commercial tomato
nurseries to test whether a simple pest density threshold
for D. isaea release could be used to improve early
parasitoid establishment. They used an action threshold
of one new mine per plant per week to trigger releases
of D. isaea. As compared with controls, three releases at
7-day intervals allowed D. isaea to establish faster, num-
bers of parasitoids used were reduced, and control costs
were reduced. Liriomyza bryoniae populations were con-
trolled without economic damage and no chemical
treatments were required.

Recently, Sha et al. [133] generated nuclear ribosomal
internal transcribed spacer 1 sequences that suggested
that D. isaea is a complex of cryptic species. China was
believed to have at least four species. This could explain,
in part, the variability in successful suppression of leaf-
miners at different locations. However, the authors did
not conduct cross-breeding studies to determine if the
genetic differences were enough to stop breeding and
prevent the production of viable offspring. Regardless, this
is an exciting area that requires more study. At the very
least, the genetic variation might allow selective produc-
tion of parasitoids better adapted to specific environ-
mental conditions.

D. begini

D. begini is a species that has been extensively studied but
is not commercially available. Heinz et al. [134] found that
twice-weekly releases of the parasitoid over a period of
3 weeks in July-September in 1986 and 1987, effectively
controlled L. trifolii on marigolds for 6 weeks after the first
release and maintained the pest at a very low level for a
further 8 weeks. Parasitoid numbers steadily increased
until the first week of September, and then declined,
probably as a result of a decrease in the host population
caused by parasitism. In a subsequent study, Heinz and
Parrella [108] inundatively released D. begini on marigolds
grown for seed. The release reduced L. trifolii populations
to nearly zero within 8 weeks of the first release, and the
leafminers remained at that level for the duration of the
crop. In addition, the numbers of viable seed per plant
were greater in marigolds grown under biological control
compared with those treated with insecticides [135]. This
parasitoid has also been successfully released for biologi-
cal control of L. trifolii on greenhouse-grown chrysanthe-
mums [107]. Rathman et al. [124] reported that the
recurring cost of producing 1000 parasitoids/day was
estimated as US$19.20 for D. begini. Similarly, Parrella
et al. [122] reported that the daily cost (recurring costs
only) to produce 1000 parasitoids was US$19.40. How-
ever, these costs do not include the worker benefits,
facilities lease or depreciation, profit margins required

by commercial producers, utility costs or the costs of
shipping. As a result, the costs to growers would be
substantially higher if purchases were made from a com-
mercial operation.

D. isaea and D. sibirica

Liriomyza trifolii has been successfully controlled by
releasing D. isaea and D. sibirica on tomato in greenhouses
with >90% parasitism [126, 136, 137]. At least in the study
by Matsumura et al. [137], the release of 250 wasps per
7.5 acres was economically feasible. Abd-Rabou [69]
reared and released 90000 D. isaea and D. sibirica on
cucumber and tomato in greenhouses to control L. trifolii.
The parasitism rates of D. sibirica reached 11.6 and 7.2% at
the 11th week from the release date, on cucumber and
tomato, respectively. D. sibirica can be purchased inde-
pendently or in combination with D. isaea from many
different commercial sources. In bulk shipments (1250 or
more wasps), costs can be as little as approximately
US$40 per 250 wasps (www.rinconvitova.com). Thus,
cost-effective control would not be likely in the Abd-
Rabou [69] study if parasitoid costs were similar to cur-
rent commercial prices.

H. varicornis

Ozawa et al. [138] determined the effectiveness of bio-
logical control against L. trifolii by using five releases of
H. varicornis on cherry tomatoes in greenhouses at rates
of 0.33 and 0.16 females per plant over 2 months. The
density of leafminer larvae at the peak of the occurrence
in the 0.33 and 0.16 females per plant treatments and the
control treatment were 2.8, 159 and 23.6 per leaf,
respectively. The density of mines in the 0.33 and 0.16
females per plant greenhouses and the control green-
houses were 6.2, 32.2 and 38.0 per leaf, respectively. The
percentage of parasitism in 0.33 and 0.16 females per
plant greenhouses were 43.7 and 4.8% at 3 weeks after
the first release and were 80.3 and 73.1% at 4 weeks
after the first release, respectively. These results suggest
that biological control by H. varicornis against L. trifolii could
be effective on tomatoes in greenhouses at a release
rate of 0.33/plant. However, potential yield losses associ-
ated with more than six mines per leaf were not eval-
uated, as the authors did not have a leafminer-free
treatment.

Other species

N. formosa and Opius pdllipes have also been mass-pro-
duced for control of Liriomyza. Hondo et al. [110] devel-
oped a strategy for mass production of N. formosa, but the
costs of production were not described. However,
releases of N. formosa on eggplants in greenhouses timed
to coincide with the first mines of L. trifolii did suppress
leafminer damage to non-damaging levels [139]. Similarly,
the use of multiple releases of O. pallipes improved control
of L. bryoniae [140]. Again, the economics of parasitoid
releases were not presented, and the costs of biocontrol
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strategies could not be compared with conventional
control approaches.

Inoculative Releases

Minkenberg and van Lentern [5] and Boot et al. [129]
provided a detailed review of the literature on inoculative
releases for Liriomyza spp. suppression in Europe, and this
work will not be repeated here. Inoculative parasitoid
releases were generally considered to be economically
viable. In other countries, the results were not always
consistently positive. Neuenschwander et al. [80] released
nine species of parasitoids to control L. trifolii in Senegal in
1982 and 1983. Although many were recovered shortly
after release, only O. dissitus was recovered in later sam-
ples and became relatively abundant. In Japan, Ozawa et al.
[136] determined the effectiveness of the inoculative
releases of D. isaea and D. sibirica at 47-125 wasps per ha
for controlling L. trifolii in greenhouse experiments.
Selective insecticides were applied in biologically con-
trolled greenhouses while various insecticides, including
non-selective insecticides, were applied in the ‘chemical
control’ greenhouses. The density of L. trifolii larvae in
biological-control greenhouses was maintained at the
same level as that in chemical-control greenhouses, and
the mortality of the leafminer increased up to 100%. The
damage to tomato plants was not severe, and fewer
insecticides were applied. Thus, this approach does have
considerable potential for commercial use, but successful
application of parasitoids appears to require a compre-
hensive IPM approach that includes controlling other
pests using strategies that have minimal impact on the
biological control agents.

Factors Influencing Biological Control of Liriomyza

Although some notable successes in the control of Lir-
iomyza species have been achieved, many parasitoid
introductions have simply failed, proven ineffective, or not
been adopted commercially because of poor economic
returns. The problems with high costs of rearing and the
low tolerance to pest damage for some crops (particularly
leafy vegetables and ornamentals) are the main reasons
hindering the adoption of more intensive biological con-
trol strategies. A few other concerns have also affected
the use of parasitoids as the primary control strategy for
leafminers, and these are discussed below.

Multiple Pests

Most natural enemies are effective against only a small
group of pest species. Therefore, a critical technical factor
in commercializing natural enemies is integrating the use
of natural enemies with other control practices that are
intended to control other pests on a crop. Since it is
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usually impossible to control all pest species with natural
enemies, most successful programmes integrate the use of
natural enemies with cultural control strategies, resistant
plant cultivars and selective pesticides.

Thermal Tolerance

The roles of thermal adaptation in Liriomyza distribution
and control have been extensively reviewed by Kang et al.
[99]. Biological control agents used in greenhouses are
most effective if they are highly adaptable to extreme
temperatures [70]. Therefore, when selecting among
leafminer parasitoids, it is desirable to evaluate their
thermal tolerance [141], particularly in relation to devel-
opment and reproduction throughout their lifetimes
[110]. While there are many publications that document
thermal tolerances in Liriomyza species [142], few pub-
lications provide this information for leafminer para-
sitoids. However, Hondo et al. [110] do provide thermal
tolerances for seven common species. They concluded
that N. formosa would be best during warm or hot sea-
sons, and D. isaea is more effective during cooler seasons.
Generally, Liriomyza species of tropical origin cannot
successfully overwinter under natural conditions in the
temperate areas [99]. The natural enemies should coin-
cide with the distribution of their prey or hosts, and those
for consideration should be able to adapt similar thermal
requirements to their host or prey.

Interactions among Natural Enemies

When multiple species of natural enemies are released
into a crop, or if a mass-reared species is introduced into
a system containing existing natural enemy populations,
competitive interactions are likely to occur. Although
competitive interactions between natural enemies have
been studied extensively in other systems for over 100
years, and a few studies on leafminer parasitoid interac-
tions were published in the 1980s, most of the research
on leafminer natural enemy competition has been pub-
lished in the past 10 years. Examples of both positive and
negative interactions are provided below.

Parasitoid—Parasitoid Interactions

Liriomyza parasitoids may interfere with each other when
larval ectoparasitoids (e.g. Diglyphus spp.) and larval—pupal
endoparasitoids (e.g. C. oscinidis and G. utilis) are present in
a cropping system. Larval ectoparasitoids are able to
parasitize leafminers that already contain a living endo-
parasitoid larva, resulting in the death of the endopar-
asitoid. Endoparasitoids do not parasitize leafminers with
ectoparasitoids because the parasitized hosts will not
pupate so the endoparasitoids can complete their life
cycles [137].
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Bader et al. [113] assessed the influence of two com-
mercially available parasitoids D. isaea and D. sibirica
attacking L. longei on chrysanthemum. They concluded
that levels of interspecific competition among parasitoid
species were undetectable at leafminer densities typical of
field-grown ornamental crops (low densities), and thus,
the efficacy of one species released into a backdrop of
potentially competing parasitoids did not negatively or
positively affect the outcome of the augmentative bio-
logical control.

Parasitoid-Nematode Interactions

A combination of entomopathogenic nematodes and
parasitoids has been found to be more effective than
either natural enemy used alone. Sher and Parrella [57]
found adult females of D. begini are able to detect and
avoid ovipositing on nematode-infected hosts, and para-
lysed L. trifolii larvae. However, Head et al. [59] found that
98% of eggs laid by the female wasps were deposited
alongside healthy larvae, although adult D. isaea did not
discriminate between healthy and S. feltiae nematode-
infected leafminer larvae of L. huidobrensis for host feeding,
indicating a synergetic effect when the entomopathogenic
nematodes and the parasitoids are used together. Nega-
tive interferences are also seen, however, with nematodes
decreasing the likelihood of D. begini developing to adults
and nematodes directly infecting and killing D. begini larvae
[57]- Head et al. [59] also found that in intact leaf mines of
L. huidobrensis, larvae already parasitized by D. isaea that
had developed to the larval or pupal stage, and D. sibirica
in the larval stage were subsequently also infected by
S. feltiae following foliar application. This reduced the
potential of the wasps to survive until the adult stage. In
the same study, they also found that a soil drench of
imidacloprid did not cause a significant reduction in the
number of D. sibirica, which survived the treatment and
developed to adult emergence.

Nematodes-Insecticide Interactions

Head et al. [58, 59, 63] studied the compatibility of
S. feltiae with different insecticides against L. huidobrensis.
They found that some insecticides (abamectin, deltame-
thrin and heptenophos) exhibited detrimental effects on
the infective juveniles. However, exposure of the infective
juveniles to dry pesticide residues on foliage did not have
significant detrimental effects on the level of control of
L. huidobrensis when compared with the effect of nema-
todes applied to residue-free foliage.

Parasitoid-Pesticide Interactions

Modern pesticides have provided a potent means
of suppressing Liriomyza and numerous other pests.

However, a biologically based IPM strategy would seek to
conserve or enhance natural enemies, particularly para-
sitoids, because the overuse and misuse of insecticides
results in numerous problems including increased costs,
pesticide resistance, contamination of the environment,
toxicity to humans and non-target organisms. The differ-
ential destruction of natural enemies of Liriomyza through
insecticide use was first reported in the early 1950s during
the first leafminer outbreaks in North America. Hills and
Taylor [143] found that repeated applications of DDT
against L. sativae reduced the parasitoid population, which
resulted in a pest outbreak. Many subsequent studies
with chlorinated hydrocarbons, organophosphates, carba-
mates, pyrethroids, etc., have confirmed this conclusion
[13-15].

There is an extensive recorded literature concerning
the compatibility of using biological control agents and
selective insecticides for management of Liriomyza in
various cropping systems [97]. The most commonly used
insecticides for management of Liriomyza species include
abamectin, cyromazine and spinosad, but because of the
diversity of co-occurring pests in most crops, leafminer
parasitoids can be exposed to many different compounds
that are not specific to leafminer control. Some of these
materials have been tested for toxicity to parasitoids, and
a partial list has been presented by Salvo and Valladares
[97].

The potential effects of herbicides and fungicides on
leafminer parasitoids have been largely overlooked.
Mancozeb, one of the most commonly used fungicides,
was the only fungicide we found tested in the literature.
This compound had no negative effects on larvae and
pupae of H. varicornis and D. isaea, progeny production and
longevity of H. varicornis adults, or leaf residence time for
H. varicornis [88, 144]. No papers were found examining
effects of herbicides.

Conclusion

Biological control of Liriomyza has featured significantly in
the management of invasive Liriomyza in both field and
protected culture systems. However, we feel that more
effort should be made to understand, conserve and
enhance local natural enemies before the introduction of
exotic parasitoids is considered. In particular, gaps should
be identified in local parasitoid guilds such that ecologi-
cally compatible exotic agents can be identified. However,
cross-commodity patterns of excessive pesticide applica-
tion may be a larger threat to local biodiversity than
importing non-specialist leafminer parasitoids. Although
there are some exciting examples of successful control
with natural enemies, replacement of chemical pesticides
with biological agents will not happen without major
efforts to develop economically viable IPM programmes
and lower costs of mass rearing parasitoids. At present, a
wide range of insecticides are used to manage Liriomyza
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species, but insecticide resistance can develop rapidly [9]
and this has increased the value of implementing effective
biological control strategies. Many newer chemical insec-
ticides and biopesticides have minimal impact on non-
target organisms and should be compatible with natural
enemies. These compounds will provide an opportunity
to develop new IPM programmes that maximize the
benefits of biological control agents.
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