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Abstract

The vine mealybug (VMB), Planococcus ficus, is a major grapevine pest worldwide, whose chemical control is often unsatis-
factory due to its cryptic behavior, insecticide resistance and high fecundity rate. Recently, increasing restrictions have been 
applied to insecticides used for managing VMB. This review discusses sustainable VMB management strategies in organic 
viticulture. Pheromone-mediated mating disruption has been proved to be effective in both organic wine and table-grape 
vineyards. Biocontrol projects carried out through the release of parasitoids and/or predators have often provided inconclusive 
results, ranging from effective reduction of mealybug infestation to a marginal impact of parasitoids on VMB density. The 
latter outcome is likely due to constraints affecting the parasitoid activity, such as the disrupting activity of mealybug-tending 
ants and broad-spectrum insecticides, or untimely release of parasitoids. Ant suppression should be associated with the release 
of beneficial organisms, as mealybug-tending ants can severely affect the parasitoid activity. Cultural and physical control and 
the employment of entomopathogens and natural products mitigate the buildup of VMB populations, but they are not widely 
applied. VMB control in organic viticulture requires the integration of different strategies, as application of single control 
tools as a stand-alone treatment may not be effective, especially for high pest infestation. Future research to determine the 
density action threshold below which sustainable methods are effective and calibrate efforts in relation with pest infestation 
is needed. A multi-disciplinary approach is required to define the most appropriate sustainable control protocols in different 
environmental conditions and promote a further spread of organic viticulture.
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Key message

• The vine mealybug (VMB) is a major grapevine pest 
worldwide.

• Hazardous synthetic insecticides cannot be employed in 
organic agriculture and are often ineffective.

• Pesticide-free control tactics for VMB encompass bio-
logical, cultural and physical control tools including mat-
ing disruption and natural products use.

• Mating disruption is among the most commonly applied 
biorational control tactics.

• VMB control in organic viticulture urgently requires the 
integration of different available ecofriendly effective 
strategies.

Introduction

The vine mealybug (VMB), Planococcus ficus (Signoret) 
(Hemiptera: Pseudococcidae) (Fig. 1), is a key grape pest 
in the most important grape-growing regions of the world 
(Argentina, California, Europe, Mediterranean Africa, Mex-
ico, the Near and Middle East and South Africa) (Daane 
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et al. 2008a, 2012). The recent establishment and spread 
of P. ficus in Brazil (Pacheco da Silva et al. 2016, 2017) 
indicate this mealybug as a dangerous invasive species in 
grape-growing areas worldwide (Daane et al. 2012).

VMB causes direct damage to grapevines by depleting 
large amount of sap, resulting in early leaf fall, dieback and 
weakening of young plants to death (Walton et al. 2004). The 
presence of juveniles and females on the grapes also affects 
negatively the quality of wines (Bordeu et al. 2012). In fact, 
berries damaged by VMB appear dehydrated and show a 
higher infection by the ochratoxigenic fungi Aspergillus 
section Nigri, with consequent potential risk of ochratoxin 
A occurrence in the wine production chain (Chiotta et al. 
2010). Indirect damage is due to the abundant production of 
honeydew, over which sooty mold fungi develop encrusting 
leaves and clusters. Thick layers of sooty mold result in a 
significant reduction of net photosynthesis and an increased 
temperature of the abaxial leaf surface (Wood et al. 1988). 
Furthermore, sooty mold and mealybug colonies severely 
impact the aesthetic quality of table grape, thereby reducing 
its market value.

This pest is an effective vector of the Grapevine leaf-
roll-associated viruses GLRaV-1, 3, 4, 5 and 9, Kober 
stem grooving (Grapevine virus A) and corky bark disease 
(Grapevine virus B) (Tanne et al. 1989; Tsai et al. 2010; 
Daane et al. 2018a). In particular, the spread of GLRaV-3 
in vineyards is rapid and unrelated with the mealybug 
density, making the mealybug control difficult and neces-
sary even at low population density (Cabaleiro et al. 2008; 
Charles et al. 2009). A number of studies highlighted that 
GLRaV-3 affects both red and white wine grape growth and 
productivity (see Charles et al. 2006 and references therein). 
Grapevine leafroll-associated viruses significantly depress 

photosynthesis up to 65% even in asymptomatic plants, also 
reducing cane and root growth and stem girth. Other symp-
toms can be a slowing down of the seasonal phenology, with 
delayed budbreak and berry ripening, as well as a reduced 
crop yield over the plant lifetime. With regard to berry qual-
ity, GLRaV-3 reduces the sugar content, anthocyanins and 
pH and increases the titratable acidity of must obtained by 
infected grapes. Overall, the reduced grape yield and quality 
of wine can cause an economic loss up to 74,000 €  ha−1 in a 
vineyard lifespan of 30 years (Cabaleiro et al. 2013).

Conventional control programs for VMB in vineyards rely 
on repeated applications of synthetic insecticides throughout 
the grape-growing season, including organophosphates and 
neonicotinoids (Walton et al. 2004, 2006; Daane et al. 2012), 
which showed both severe non-target effects on bees and 
pollinators (Mansour et al. 2018). The efficacy of chemical 
control is variable and often unsatisfactory, as mealybugs 
reside primarily in concealed locations (i.e., under the bark 
and in bark crevices) and on the roots up to 30 cm deep 
(Walton and Pringle 2004a; Walton et al. 2004; Daane et al. 
2012; Sharon et al. 2016) protected from contact insecti-
cides. More recently, the systemic insecticide spirotetramat, 
a lipid biosynthesis inhibitor, was effective in controlling P. 

ficus with no adverse side effects on non-target fauna (Brück 
et al. 2009; Mansour et al. 2018). Therefore, this active sub-
stance has been successfully included in insecticide-based 
control programs (Mansour et al. 2010a).

Chemical insecticide-based control of VMB has shown a 
number of constraints, which have been extensively reviewed 
by Mansour et al. (2018). The repeated use of insecticides 
with the same mode of action could lead to the development 
of resistant populations (Venkatesan et al. 2016) and pose a 
significant constraint in mealybug management programs. 

Fig. 1  The vine mealybug, 
Planococcus ficus:  a colony 
of young females (note the 
attending ant Crematogaster 

scutellaris promoting P. ficus 
infestation through a trophobi-
otic relationship), b adult male, 
c male pupa and d male pupal 
cocoons (photograph credit a: 
A. Lucchi, b–d: P. Giannotti)
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Several ineffective control programs against mealybugs 
have been attributed to insecticide resistance (Franco et al. 
2004; Charles et al. 2006), and VMB possibly developed 
resistance to the organophosphate methidation (Mansour 
et al. 2010a). In addition, VMB populations collected in 
California showed widely different baseline susceptibility to 
insecticides, such as buprofezin (sevenfold variability), imi-
dacloprid (8.5-fold) and chlorpyrifos (11-fold) (Prabhaker 
et al. 2012). These compounds are three of the most com-
mon insecticides used worldwide in conventional control 
programs against P. ficus. Imidacloprid, chlorpyrifos-methyl 
and chlorpyrifos could also disrupt the activity of natural 
enemies (via multiple side effects, e.g. see Desneux et al. 
2007), notably Anagyrus pseudococci (Girault), Anagyrus 

vladimiri Triapitsyn [ex Anagyrus sp. near pseudococci 
(Girault)], Coccidoxenoides perminutus Girault (Hyme-
noptera: Encyrtidae) and the mealybug destroyer, Crypto-

laemus montrouzieri Mulsant (Coleoptera: Coccinellidae) 
(Mansour et al. 2011a; Planes et al. 2013; Mgocheki and 
Addison 2015). Moreover, the non-rational and excessive 
use of pesticides may result in environmental pollution. 
Imidacloprid and chlorpyrifos were detected, together with 
other pesticides, in ground and surface waters in the grape-
growing region of La Rioja (Spain), concurring to water 
contamination (sum of pesticides > 0.5 µg  L−1 according 
to EU legislation) (Herrero-Hernandez et al. 2013, 2017). 
Finally, the presence of insecticide residues in grapes may 
affect the fermentation process by selecting different yeast 
strains (Caboni and Cabras 2010).

The latest policies on commercialization of plant pro-
tection products at national and transnational level have 
been directed toward high levels of food safety, protection 
to human and animal health and environmental safeguard 
(Regulation 1107/2009/EC) (European Union 2009a). In 
accordance with this action plan, the Directive 2009/128/
EC promotes the sustainable use of pesticides and encour-
ages the introduction of control techniques, including physi-
cal, mechanical and biological control methods, as alter-
native to chemical insecticides (European Union 2009b). 
Recently, severe limitations have been adopted in Europe 
through the Regulations 2018/783, 2018/784 and 2018/785 
regarding the open-field application of imidacloprid, clo-
thianidin and thiamethoxam, respectively (European Union 
2018a, b, c), which have been widely used to control VMB. 
Chlorpyrifos and chlorpyrifos-methyl have been withdrawn 
from use in Europe since early 2020 because of concerns 
related to human health, namely possible genotoxicity and 
developmental neurotoxicity (European Union 2020a, b), 
whereas their use in California will cease at the end of 2020 
(CDPR 2020). Legislation on the use of insecticides also 
varies among European countries, as, for example, the insect 
growth regulator buprofezin, which has been banned in vine-
yards in Italy (Italian Ministry of Health 2020).

The grape industry is continuously expanding worldwide, 
with vineyards extended over almost 7.1 mHa and an esti-
mated total export value of 7.8 billion $ (data referred to 
2016, FAOSTAT 2018). In this framework, organic viticul-
ture is a well-established sector, being spread worldwide on 
almost 380,000 ha (5.3% of the total grape-growing area) 
(Lernoud and Willer 2018). A noticeable increase in the 
grape supply is further expected in the next years, since 
about 30% of the organic grape area is still in conversion 
from conventional viticulture. Sustainable viticulture has 
developed since the early 1990s, increasing by 4.3-fold in 
the period 2004–2016 (Lernoud and Willer 2018). Nowa-
days, organic vineyards are mainly located in Europe (90%) 
where they represent 8.3% of the grape area, especially in 
Spain, Italy and France (11.6%, 15.5% and 9.3% of total 
grape area, respectively). The increasing demand of sustain-
able and environmentally friendly crop production systems 
can be met through the development and implementation 
of effective sustainable management systems in vineyards.

The present review provides an up-to-date and complete 
overview of the available control tactics (biological, cultural 
and physical control tools, natural compounds and mating 
disruption), as well as basic information on VMB biology 
that deeply influences the effectiveness of control tactics. 
The key factors that affect the sustainable control of VMB 
are critically discussed to implement comprehensive and 
effective management programs. Finally, future perspec-
tives will explore opportunities and constraints for develop-
ing environmentally safe strategies and promote a further 
spread of organic viticulture.

The vine mealybug Planococcus �cus

Morphology and species discrimination

Vineyard mealybugs of primary importance worldwide are 
the vine mealybug P. ficus, the grape mealybug Pseudoc-

occus maritimus (Ehrhorn), the obscure mealybug Pseu-

dococcus viburni (Signoret), and the longtailed mealybug 
Pseudococcus longispinus (Targioni–Tozzetti) (Hemiptera: 
Pseudococcidae). These species have different geographic 
ranges, due to different climatic requirements and to isola-
tion among world grape-growing regions, even though their 
worldwide distributions partially overlap (García Morales 
et al. 2016) (Fig. 2). Other mealybugs are locally important: 
the citrus mealybug Planococcus citri (Risso) and the pink 
pineapple mealybug Dysmicoccus brevipes (Cockerell) in 
Brazil, the citrophilus mealybug Pseudococcus calceolar-

iae (Maskell) in New Zealand, the Gill’s mealybug Ferrisia 

gilli Gullan in California and the pink hibiscus mealybug 
Maconellicoccus hirsutus (Green) in India and northeastern 
Brazil (Daane et al. 2012; Oliveira et al. 2018).



156 Journal of Pest Science (2021) 94:153–185

1 3

Discrimination of mealybug species infesting grapes is 
of crucial importance for quarantine purposes, to avoid fur-
ther spread of these pests. In addition, species identification 
guides species-specific control measures, such as mating dis-
ruption and biological control. Finally, mealybugs showed a 
different efficiency to vector a range of grapevine diseases, 
including GLRaVs, Grapevine virus A (GVA) and Grape-
vine virus B (GVB) (Tsai et al. 2010; Bertin et al. 2016). 
All these aspects emphasize the importance of an accurate 
identification of vineyard mealybugs.

Microscopic preparations are indispensable for mealybug 
identification, although the main genera of vineyard-associ-
ated species can be distinguished visually. Mealybugs are 
so-called due to the presence of white powdery wax coating 
the surface of the body and, when present, the waxy fila-
ments arranged at the body margins (Williams and Granara 
de Willink 1992). Planococcus species show an elliptical 
body shape with short lateral filaments, with those present 
in the anal region of the body poorly distinguished from the 
others (differentiating them from Pseudococcus species). 
Moreover, a median longitudinal strip is present on the dor-
sum, due to the limited deposition of waxes in this region.

The genus Planococcus includes 48 species (García 
Morales et al. 2016) divided by Cox (1989) into five infor-
mal groups. The citri-group includes the species of main 
economic importance, such as the sibling species P. citri, P. 

ficus, P. minor (Maskell) and P. halli Ezzat and McConnell 
(Hemiptera: Pseudococcidae) (Cox 1989). Planococcus spe-
cies are not easy to be distinguished due to the lack of dis-
criminant characters in the adult female (1989) and intraspe-
cific morphological variations in the taxonomic characters 
(Cox and Wetton 1988; Ben-Dov and Matile-Ferrero 1995). 
Therefore, some species, such as P. citri and P. minor, or P. 

ficus and P. halli, can only be distinguished morphologically 
by a matrix to be scored using a point system (Cox 1989), 
although Rung et al. (2008) observed that the score is not 

100% reliable, based on molecular characterization of the 
specimens.

In order to overcome difficulties in the early identification 
of grapevine mealybugs, several species-specific molecu-
lar protocols have been developed, mostly based on species 
differences within the nuclear DNA 28S-D2 and internal 
transcribed spacer 2 (ITS2), the 16S region located in the 
DNA of the primary endosymbionts, Tremblaya princeps, 
the nuclear elongation factor 1 alpha (EF-1α), and mostly the 
mitochondrial gene cytochrome c oxidase I (COI) amplified 
through polymerase chain reaction (PCR) (Demontis et al. 
2007; Cavalieri et al. 2008; Rung et al. 2008; Saccaggi et al. 
2008; Daane et al. 2011; Malausa et al. 2011; Pacheco da 
Silva et al. 2014).

A molecular analysis of VMB populations from grape-
growing regions worldwide highlighted the existence of 
two broad populations: a European group (Europe, Tuni-
sia, Turkey) and a Middle Eastern group (Israel and Egypt) 
(Daane et al. 2018b). The study shed light on the pathways 
of introduction of VMB from the native geographic range 
(Europe–North Africa–Middle East) to newly invaded areas. 
In fact, the invasive populations established in Argentina and 
South Africa belong to the European group, whereas popu-
lations infesting North American and Mexican vineyards 
align with the Middle Eastern group, in particular with an 
Israeli population.

Development and reproduction

VMB is adaptable to different climatic conditions from sem-
iarid to subtropical areas or cool continental climates, and it 
is characterized by a high reproductive potential under opti-
mal temperature (Walton and Pringle 2005). It can complete 
three–four generations per year in Italy, five–six in South 
Africa and Argentina, and up to ten generations per year in 
California and Israel (Daane et al. 2012; Sharon et al. 2017).

Fig. 2  Worldwide distribution 
of the most common vineyard 
mealybugs: a vine mealybug 
Planococcus ficus, b long-
tailed mealybug Pseudococcus 

longispinus, c grape mealybug 
Pseudococcus maritimus and d 
obscure mealybug Pseudococ-

cus viburni (García Morales 
et al. 2016)
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Temperature is the main factor affecting the development 
of P. ficus. The threshold temperatures for VMB develop-
ment have been investigated under laboratory conditions. 
The lower and upper developmental thresholds were deter-
mined to be 16.6 °C and 35.6 °C, respectively, on potted 
grape seedlings (Walton and Pringle 2005) and 14.3 °C 
and 32.5 °C, respectively, on excised leaves replaced daily 
(Varikou et al. 2010). The optimal temperature for develop-
ment was of 27–28 °C in both studies, whereas the short-
est egg-to-adult developmental time ranged from 23.2 days 
(Walton and Pringle 2005) to 39.9 days (Varikou et al. 2010) 
at 30 °C. Differences in the biological outcomes could be 
due to the different cultivars used as feeding substrate (Soul-
tanina, Waltham Cross) and the different rearing methods, 
since repeated handling of mealybugs when replacing 
excised leaves could disrupt or alter the immature devel-
opment (Varikou et al. 2010). Possible genetic differences 
between populations hypothesized by Varikou et al. (2010) 
have been ruled out by molecular analysis of VMB popula-
tions worldwide, with South African, Argentinian and Greek 
populations belonging to the same European group (Daane 
et al. 2018b). Another abiotic factor involved in the devel-
opment and reproduction output of P. ficus is the nitrogen; 
in fact, mealybugs exhibited a decreasing developmental 
time at increasing nitrogen content on leaves, either due to 
higher nitrogen fertilization regimes or complete legume 
cover crops (Cocco et al. 2015; Muscas et al. 2017). Devel-
opmental times also differed within the same multi-year field 
experiment, indicating the influence of annual climatic con-
ditions (Muscas et al. 2017).

VMB females only reproduce sexually, although unmated 
females are capable of producing ovisacs and unviable 
eggs (Waterworth et  al. 2011; A. Lentini unpubl. data) 
and parthenogenetic reproduction has never been reported. 
Reproduction is mediated by the specific sex pheromone, 
(S)-( +)-lavandulyl senecioate (Hinkens et al. 2001; Tabata 
2020), and a second active component, (S)-lavandulyl 
isovalerate, has been recorded later in Israeli populations 
(Zada et al. 2003). Further studies defined the existence of 
nine male pherotypes in Israel and five in Portugal, accord-
ing to male attraction, repulsion, or indifference to the two 
pheromone components (Kol-Maimon et al. 2010). Dif-
ferences in the production of a sex pheromone blend and 
response to pheromone stimuli may be due to the existence 
of different VMB populations (Daane et al. 2018b). Phero-
mone release by females and male flight are synchronized 
and restricted to 2–4 h after sunrise (Zada et al. 2008; Levi-
Zada et al. 2014).

VMB showed under laboratory conditions a polygamous 
mating system, as females and males can mate multiple 
times (Waterworth et al. 2011). Constant exposure of males 
to sex pheromone did not affect the female search after eclo-
sion (Waterworth et al. 2011). These traits have important 

implications in management programs. In fact, the obligate 
sexual reproduction allows the application of pheromone-
mediated control tactics, such as mating disruption, while 
in turn virgin females are long living and are able to call 
for males and mate in a long time period. In view of these 
factors, mating disruption, to be effective, would constantly 
disrupt the male–female sexual communication throughout 
the season.

The fecundity of VMB females is reported by several 
studies, which have been carried out under different experi-
mental conditions of temperature, feeding substrate, cultural 
practices and control techniques (Walton and Pringle 2005; 
Walton et al. 2006; Waterworth et al. 2011; Gonzalez Luna 
and La Rossa 2016; Muscas et al. 2017; Cocco et al. 2018a, 
b; Lentini et al. 2018). Overall, females oviposit 200–300 
eggs and up to more than 400 eggs, with the highest fecun-
dity being observed in the temperature range of 20–27 °C 
and sharp reductions at more extreme temperatures (Wal-
ton and Pringle 2005). Annual climatic conditions (Muscas 
et al. 2017; Cocco et al. 2018a, b), nitrogen concentration on 
leaves, either caused by fertilization or cover crops (Cocco 
et al. 2015; Muscas et al. 2017), and the grape cultivar 
(Gonzalez Luna and La Rossa 2016) further affect the num-
ber of oviposited eggs. On the other hand, the fecundity of 
females is not affected by the number of copulations, female 
age at mating and mating delay due to mating disruption 
control technique (Waterworth et al. 2011; Cocco et al. 
2018b; Lentini et al. 2018). The daily oviposition pattern 
under laboratory conditions on females mated within 7 days 
showed a peak of about 30 eggs per day reached 5–7 days 
after the beginning of oviposition, whereas females mated 
at 14–28 days old reached oviposition peaks > 50 eggs per 
day in 4–5 days (Lentini et al. 2018).

Fertility of VMB females under natural and semi-field 
conditions was higher than 90%, and climatic conditions 
and cultural practices (e.g., nitrogen fertilization, cover crop) 
had no or limited influence on egg eclosion (Cocco et al. 
2015, 2018a, b; Muscas et al. 2017). The mating disruption 
control tactic also affected the female fertility, although the 
reduction was < 2% and not practically significant for con-
trol purposes (Cocco et al. 2018b). The sex ratio is female 
biased (approximately 60%) (Rotundo and Viggiani 1982; 
Walton and Pringle 2005; Cocco et al. 2015). Nonetheless, 
sub-optimal developmental temperatures can decrease the 
percentage of female offspring (Walton and Pringle 2005), 
whereas the female age at mating did not affect the sex ratio 
(Lentini et al. 2018).

Studies on the VMB longevity indicated an overall long 
lifespan of females which lived for more than 90 days on 
potato tubers under laboratory and field conditions, whereas 
in turn males are short-living and survived up to 7.5 days in 
laboratory trials (Walton and Pringle 2005; Varikou et al. 
2010; Waterworth et al. 2011; Gonzalez Luna and La Rossa 
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2016; Cocco et al. 2018b). Overall, longevity of both males 
and females decreased at increasing temperatures (Walton 
and Pringle 2005; Varikou et al. 2010). Constant exposure 
of males to sex pheromone did not affect their longevity 
(Waterworth et al. 2011).

Biological and reproductive parameters described above 
have also been used to calculate the population growth 
potential through the assessment of demographic param-
eters, especially the intrinsic rate of increase (rm), which 
accounts of the natural potential of a population to increase 
in numbers. Under laboratory conditions at 25 °C, the intrin-
sic rate of increase ranged from 0.11 to 0.17 female per 
female per day, whereas in the field, on grapevines of culti-
var Carignano, rm values varied from 0.06 to 0.08 female per 
female per day, depending on climatic conditions (Walton 
and Pringle 2005; Gonzalez Luna and La Rossa 2016; Cocco 
et al. 2018a; Lentini et al. 2018). The grapevine cultivar 
affects the VMB development; in fact, VMB populations 
exhibited a better reproductive performance (i.e., better 
demographic parameters) when reared on Malbec than on 
Chardonnay (Gonzalez Luna and La Rossa 2016). A delay of 
females mating > 7 days and extreme temperatures (≤ 18 °C 
and ≥ 30 °C) also caused a significant reduction of the popu-
lation growth potential (Walton and Pringle 2005; Lentini 
et al. 2018).

Seasonal phenology

The major mealybug species infesting grapevines, especially 
P. ficus, P. maritimus and P. viburni, exhibit a distinctive 
upward seasonal movement from overwintering sites to the 
canopy. However, the seasonal phenology differs depending 
on endogenous (specific thigmotactic behavior) and exog-
enous factors (temperature and vineyard management prac-
tices) (Geiger and Daane 2001; Becerra et al. 2006; Cid et al. 
2010). Also, as different species have different numbers of 
annual generations and preferred feeding locations through-
out the season, sampling procedure and control programs 
should be tailored specifically to the mealybug species. 
Knowledge of the seasonal pest abundance and distribution 
of VMB allows to develop effective monitoring programs, 
in order to search mealybugs in the plant organs where they 
are more likely to be found. Furthermore, information on 
the seasonal movement along the plant is of great practical 
importance to growers and technicians to plan timely insecti-
cide applications when the most susceptible mealybug instar, 
i.e., crawlers, are exposed.

Seasonal abundance

The VMB population density is lowest in the winter months, 
when mealybugs overwinter under the bark of trunk and 
cordons or on the roots (Daane et al. 2003; Walton 2003; 

Lentini et al. 2008). Overall, the population density increases 
steadily in spring reaching the highest seasonal abundance 
immediately preceding or concurrently grape ripening, in 
April in a desert climate such as Coachella Valley (Califor-
nia) or in August in temperate areas such as southern Italy or 
San Joaquin Valley (California) (Daane et al. 2003; Lentini 
et al. 2008). In the Southern Hemisphere (South Africa), 
peaks of infestation have been observed in January–Febru-
ary, with mealybugs mostly infesting bunches (Le Vieux and 
Malan 2013). After grape harvest, and concurrently with 
unfavorable climatic conditions, the population density rap-
idly declines and remains low but steady in winter.

Seasonal movement and within-plant distribution

Planococcus ficus overwinters in concealed locations under 
the bark, mainly in the upper part of the trunk or along the 
cordon. In the Northern Hemisphere (Italy), mealybugs 
mostly overwinter in the trunk and cordons as well as under 
the bark of canes and spurs (Duso 1989; Lentini et al. 2008), 
and the VMB seasonal activity is concurrent with grape 
bud burst, when mealybugs start moving from overwin-
tering locations to the base on new shoots (Fig. 3a). Since 
April, mealybugs spread and settle on the canopy, while a 
relevant percentage of the pest population still reside under 
the trunk bark (20–25% in July–August). In late summer, 
mealybugs infest ripening bunches, settling mainly in the 
inner parts (rachis, pedicels). From October, concurrently 
with canopy senescence, VMB mostly moves back to woody 
plant organs (Fig. 3a). In grape-growing areas of Califor-
nia with Mediterranean climatic conditions (San Joaquin 
Valley), seasonal movement shows the same pattern start-
ing from March, whereas, in a desert table-grape growing 
region (Coachella Valley), mealybugs are mostly exposed on 
leaves and bunches concurrently with ripening (May–June) 
and move to lower trunk and roots during the hottest months 
(July–September) (Daane et al. 2003). Under such hot cli-
mate, mealybugs were observed on roots and trunk through-
out the year.

In the Southern Hemisphere (Argentina), mealybugs 
overwinter mostly in the egg stage in the lower portion of 
the trunk, moving gradually toward the upper part of the 
trunk since September, reaching branches, canes and leaves 
in November and up to bunches in December (Becerra et al. 
2006). In January–February, mealybugs are dispersed in the 
whole canopy and migrate back under the bark from late 
March to late April.

The VMB population structure changes throughout the 
year according to climatic conditions and plant phenology. 
In southern Italy in winter (December–February), adult 
female was the most abundant stage, with a gradual increase 
of females with ovisacs since January (Fig. 3b). The crawler 
density peaked between mid-April and mid-May before 
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male flight activity, which started in mid-May, indicating 
that females mostly overwintered after mating. The follow-
ing peaks of crawler abundance occurred in mid-June–mid-
July, August and mid-October–November, each one after a 
peak in male captures in pheromone traps, for a total of four 
annual generations. The massive spread of colonization of 
the grape canopy by VMB coincides with peaks of crawlers, 
which are the most mobile mealybug stage.

The spread in the canopy also follows a distinctive 
pattern, as immatures migrating toward the canopy in 
spring–early–summer settled mainly on axillary shoots, 
i.e., suckers, and following migrations settled mainly on 
proximal shoots with a decreasing density gradient along 
the shoot (Lentini et al. 2008). In August, mealybugs were 
mostly located between the second and the fifth node, mainly 
on bunches and opposite leaves, so that the second cluster 
on the first shoot and the opposite leaf was indicated as the 
optimal sample unit for monitoring the mealybug popula-
tion dynamics on grape (Duso 1989). Overall, mealybug 
infestation in cane-pruned grapevines gradually decreased 
on shoots along the cane (Lentini et al. 2008).

In-field distribution of Planococcus �cus

The VMB distribution in vineyards is clumped, as indicated 
by investigations with dispersion index (Taylor’s power law) 
(Duso 1989). More recent spatial analysis studies carried 
out with SADIE (Spatial Analysis by Distance IndicEs) 
highlighted an aggregated spatial pattern in 50 and 90% of 
the investigated vineyards in South Africa and Italy, respec-
tively (Mgocheki and Addison 2010; Cocco et al. 2018b). 
It implies that mealybugs spread from highly infested hot 

spots, often along vineyard margins, to surrounding areas. 
The aggregated pattern of P. ficus populations was observed 
in undisturbed populations and in population in which the 
male–female communication was altered by mating dis-
ruption (Cocco et al. 2018b). The population density also 
did not seem to affect the pest clumped distribution, which 
was observed in both low and highly infested plots in Italy 
(Cocco et al. 2018b), in accordance with findings of Geiger 
and Daane (2001) on P. maritimus.

Fig. 3  a Percent distribution of 
Planococcus ficus mealybugs 
on wine grape and b seasonal 
distribution of P. ficus devel-
opmental stages. Shaded areas 
indicate the periods of peak 
in crawler abundance (modi-
fied from Lentini et al. 2008, 
Sardinia, Italy)
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Cultural and physical control

Cultural control

In the perspective of a multi-disciplinary approach to pest 
control, inclusion of cultural practices in IPM programs is 
gaining importance (e.g. Damien et al. 2017; Michaud 2018; 
Santoiemma et al. 2020). The tolerance of rootstocks and 
cultivars to P. ficus infestations has been recently investi-
gated in potted plants (Naegele et al. 2020), indicating the 
cultivars Chardonnay and Cabernet Sauvignon as favorable 
substrates for VMB population growth, whereas the root-
stocks IAC 572, 10-17A and RS-3 reduced the pest develop-
ment. Naegele et al. (2020) also suggested that physical and/
or chemical features may affect mealybug settling, feeding 
and host attractiveness, being therefore involved in the resist-
ance mechanisms (antibiosis and antixenosis). However, 
grapevine plants displayed a weak transcriptional response 
to P. ficus feeding, with a single gene, pathogenesis-related 
protein 1, being expressed as a response of mealybug attack 
(Timm and Reineke 2014).

Improvements in grape yield have been pursued with 
increasing use over time of nitrogen fertilization, which 
has, in turn, also promoted VMB infestations. In laboratory 
and semi-field experiments, potted grapevines supplied with 
increasing rates of ammonium nitrate exhibited higher nitro-
gen concentration on leaves (Cocco et al. 2015). Mealybugs 
reared on high nitrogen-fertilized vines exhibited higher 
developmental and reproductive performances. In fact, the 
pre-imaginal development time was inversely correlated 
with the leaf nitrogen concentration, whereas fecundity, 
body size and survival were positively correlated. The bet-
ter performance of VMB fed on high-nitrogen substrates 
could be due to the higher nutritional value of phloem sap.

Cover cropping is a cultural practice widely adopted in 
vineyards for many purposes, such as improving soil struc-
ture, organic matter and carrying capacity, reducing soil ero-
sion and regulating plant vigor. Complete cover cropping in 
both intra- and inter-row affected grapevine growth, crop 
yield and must quality as well as VMB development and 
reproduction (Muscas et al. 2017). Soil tillage and legume 
cover crop stimulated the pest development by increasing 
mealybug survival, fecundity and fertility and reducing the 
development time. Furthermore, cover crops in vineyards 
favor the establishment of ant colonies, which promote 
mealybug infestation and reduce the parasitoid activity 
(Serra et al. 2006; Mgocheki and Addison 2010). In view of 
the multiple effects of the ground cover on grape yield and 
quality and VMB development, there is not a single most 
suitable floor management practice and generalizations can-
not be made, as the optimal choice depends on climatic con-
ditions, soil, grape cultivar, rootstock and oenological goals.

Wooded vegetation along vineyard edges and herba-
ceous covers around and within vineyards also concur to 
enhance richness and abundance of parasitoids, such as 
Trichogramma, and predators, including coccinellids, lace-
wings, spiders, staphilinids and predatory mites and thrips 
(Thomson and Hoffman 2009, 2013; Shapira et al. 2018a). 
The parasitoid fecundity and the encyrtid population growth 
could be promoted by the presence of wildflower spots and 
strips in vineyards (Benelli et al. 2017). Indeed, A. vladimiri 
feeding on flower-borne food sources (e.g., vetch extrafloral 
nectaries or buckwheat flowers) significantly increased the 
offspring production when compared with water (Irvin and 
Hoddle 2015).

Plant architecture have been indicated as affecting VMB 
infestations (Dalla Montà et al. 2001), in accordance with 
findings on P. maritimus by Geiger and Daane (2001). These 
authors observed higher mealybug density and bunch dam-
age on spur-pruned than on cane-pruned grapevines, prob-
ably because spur-pruned grapevines retain more old wood 
and, therefore, more bark for mealybug refuge and protec-
tion. Moreover, the canopy architecture of spur-pruned vines 
favors the development of bunches touching old wood, with 
a higher likelihood of mealybug colonization on bunches. 
Summer pruning, especially in organic table-grape vine-
yards, is directed to remove clusters touching old wood and 
ensure that they are free-hanging so that mealybugs can 
infest them only through the stem (D. Haviland, Univer-
sity of California, pers. comm.). Summer pruning, which 
removes secondary shoots and supernumerary leaves, may 
concur to reduce VMB population density on the canopy by 
facilitating the foraging activity of natural enemies and fos-
tering control applications by aerating the canopy (Walton 
and Pringle 2004b). Debarking of grapevines, also associ-
ated with mineral oil applications, was effective in reducing 
VMB density (Pavlović et al. 2019). The effectiveness of this 
practice is higher in winter, when the mealybug population 
mostly resides under the bark and mineral oil can be applied 
at higher concentration. However, stripping the bark off the 
trunk is expensive and time-consuming and not applied in 
commercial vineyards.

Physical control

The VMB thigmotactic behavior as well as its tiny size 
makes it difficult the control, facilitating, at the same time, 
its spread. Regarding the latter, movement of infested cut-
tings has caused the rapid spread of the pest in California 
in the early 1990s (Daane et al. 2004c). Several procedures 
have been developed to sanitize grape cuttings in nurseries, 
thereby reducing the risk of pest spread and severe infesta-
tions in newly planted vineyards. Trials with different com-
binations of temperatures and immersion periods indicated 
as optimal procedure a hot-water treatment in three steps 
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of five minutes each as follows: pre-heating (30 °C), heat-
ing (52,8 °C) and cooling (23 °C) (Haviland et al. 2005). 
This protocol has been commercially used by nurseries in 
California for VMB control in dormant grape cuttings, as 
it provides a mealybug mortality of 99.8–100% and is also 
effective against root knot nematodes, grape phylloxera, 
Daktulosphaira vitifoliae Fitch (Hemiptera: Phylloxeridae) 
and fungal and bacterial diseases. However, treatments in 
hot water are labor-intensive and longer immersions or expo-
sure to higher temperature may alter the rooting of grape 
cuttings. More recently, ultralow oxygen treatments caused 
100% mortality of all stages of P. ficus, without reducing the 
growth of grafted grape cuttings (Liu et al. 2010).

Biological control

Many natural enemies, mainly insect parasitoids and preda-
tors, have been reported as associated with P. ficus in vine-
yards worldwide, some of which are studied for long time 
(Whitehead 1957; Berlinger 1977). The complete complex 
of natural enemies reported worldwide on VMB is listed 
in Table 1. The recent implementation of natural enemy 
releases within Integrated Pest Management (IPM) pro-
grams and biological control enhancement have provided 
new insights for effective application of this control tactic 
(Lucchi and Benelli 2018). Lately, also entomopathogens 
(nematodes, fungi and bacteria) have been tested with prom-
ising results.

Parasitoids

Anagyrus pseudococci (Girault) and Anagyrus vladimiri 

Triapitsyn (Hymenoptera: Encyrtidae)

Anagyrus pseudococci s.l. is a koinobiont endoparasitoid 
widely employed worldwide as a biocontrol agent of mealy-
bugs (Daane et al. 2012). Earlier, Triapitsyn et al. (2007) 
reported the existence of two morphotypes in populations 
of A. pseudococci released in Californian biocontrol pro-
grams for VMB management. The two morphotypes differed 
only for the color of the first antennal funicle segment of the 
female, partially black (basal half) and white (distal half) in 
A. pseudococci, and entirely black in the other morphotype, 
which was named A. sp. near pseudococci. While the former 
species is known only from Sicily (Italy), Argentina and 
Cyprus, the latter has been detected in various Mediterra-
nean countries (including Sicily), Palaearctic Asia, Brazil, 
USA and South Africa (Triapitsyn et al. 2007; Wohlfarter 
and Addison 2014). In a recent study by Andreason et al. 
(2019), A. sp. near pseudococci was redescribed as Ana-

gyrus vladimiri Triapitsyn sp. nov. (Fig. 4a), confirming 
that this species is present in Israel, Italy, Russia, Spain, 

Turkmenistan, California (USA) and Tunisia (Triapitsyn 
et al. 2007; Mansour et al. 2017a). The authors also pointed 
out that other records of A. pseudococci s.l. (Noyes and 
Hayat 1994; Triapitsyn 1989) are likely to be referred to A. 
vladimiri, except for reports of females with the first funicle 
partially black and white (Triapitsyn et al. 2005, 2007).

Biological and reproductive parameters of A. pseudococci 
s.l. are affected by abiotic factors, with temperature being 
a key factor in the perspective of effective biological con-
trol programs. The optimal developmental temperature of 
A. vladimiri determined under laboratory conditions ranged 
from 24.7 to 30.7 °C, whereas lower and upper develop-
mental thresholds were 11.6–16.3 and about 36 °C, with a 
thermal constant of 223.5 degree-days (Daane et al. 2004a; 
Wohlfarter and Addison 2014). Interestingly, laboratory 
experiments showed that the emergence of overwintering 
A. vladimiri occurred mainly in early May, regardless of 
when P. ficus hosts were parasitized, suggesting that cues 
other than temperature concurred to synchronize spring 
emergence of A. vladimiri adults with field availability of 
P. ficus (Daane et al. 2004a). The optimal temperature for 
A. vladimiri population growth was determined to be 27 °C, 
above which the parasitoid showed a higher net reproductive 
rate than VMB, indicating a reproductive advantage over its 
host at higher temperatures (Wohlfarter and Addison 2014). 
In the framework of climate change, A. vladimiri could ben-
efit by increasing temperature and it has been predicted to 
have a larger impact on VMB if compared to the encyrtid 
Leptomastidea abnormis (Girault) and the coccinellid C. 
montrouzieri (Gutierrez et al. 2008).

With the aim of achieving successful biological control 
programs, host–parasitoid interactions of A. pseudococci 
s.l. and P. ficus have been investigated in several studies 
(Güleç et al. 2007; Franco et al. 2008; Suma et al. 2012). 
Despite a rather broad host range (see Triapitsyn et al. 2007), 
host acceptance of A. vladimiri differed significantly among 
Pseudococcidae host species, showing a clear preference for 
P. ficus (Bugila et al. 2014a). In response to parasitization, 
VMB exhibited a peculiar defensive behavior, with the pro-
duction of a droplet of waxy fluid discharged from abdomi-
nal ostioles that apparently derives from the hemolymph and 
solidifies on contact with air (Gullan and Kosztarab 1997), 
as well as encapsulation of parasitoid eggs and larvae (Suma 
et al. 2012; Bugila et al. 2014b). Mating behavior has also 
important practical implications for the commercial use of 
A. vladimiri. In this perspective, laboratory mass-reared 
parasitoids showed a male mating success higher than 80% 
(Romano et al. 2018). Furthermore, male and female parasi-
toids developed faster and females produced more offspring 
in older hosts (Güleç et al. 2007).

Both sexes of parasitoids are innately attracted to VMB 
sex pheromone, which elicits a kairomonal response (Franco 
et al. 2008, 2011). In fact, A. vladimiri has been caught in P. 
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ficus pheromone-baited traps (Millar et al. 2002; Mansour 
et al. 2010b), indicating that pheromone serves as a chemi-
cal cue in host location. Host recognition occurs through 
antennal examination and is related to the waxy covering 
of mealybugs. Another factor enhancing the host search-
ing activity of A. pseudococci s.l. (likely A. vladimiri) is 
the presence of the mealybug honeydew. Indeed, parasitoids 
walked slower and stopped more frequently on tomato leaves 
contaminated with P. citri honeydew compared to clean ones 
(Khandakar and Jahan 1993).

From an applied point of view, few studies assessed the 
efficacy of inoculative or inundative releases of A. pseu-

dococci s.l. in reducing the population density of VMB in 
vineyards, and their results were inconclusive. Daane et al. 
(2006a) reported that releases of mass-reared A. pseudococci 
in California vineyards contributed to mealybug biological 
control programs, as VMB population density and cluster 
damage were significantly lower in Anagyrus-released plots 
than in control plots. However, the same authors cannot con-
clude that three inundative releases of 24,700 parasitoids 
per hectare were solely responsible of the VMB reduction, 
since the mealybug density decreased before the first A. 

pseudococci s.l. release and the season-long parasitism rate 
was not significantly different between treatments. Further 
studies carried out in California showed that four inundative 
releases of 37,000 A. pseudococci s.l. per hectare associ-
ated with a single application of imidacloprid reduced the 
mealybug density compared with the insecticide applica-
tion alone, although the impact of parasitoid releases was 
marginal (Tollerup 2007). Biological control programs also 

investigated early spring releases of 10,000–50,000 A. pseu-

dococci s.l. per hectare to control P. citri in citrus orchard 
(Mendel et  al. 1999). Augmentative releases increased 
significantly the parasitoid population density but did not 
reduce the mealybug infestation nor the fruit damage. On 
the other hand, inoculative release of A. vladimiri carried out 
in Tuscany (central Italy) was effective in managing VMB 
populations in heavily infested vineyards. Releases of A. 
vladimiri in May (1,000 insects/ha) and C. montrouzieri in 
June and/or July (500 insects/ha) were extremely promising, 
leading to a significant reduction of the mealybug popula-
tion (Lucchi and Benelli 2018). The effectiveness of natural 
enemies was assessed by checking A. vladimiri parasitism 
rates in mid-July and at harvest and estimating the abun-
dance of C. montrouzieri larvae and adults in VMB colo-
nies. Currently, these biological control agents are employed 
to manage P. ficus in coastal Tuscany (Livorno province, 
Italy) in more than 800 ha. The recommended release rate 
of A. vladimiri ranges widely from 500 to 5,000 individu-
als/ha depending on pest pressure and biocontrol company. 
Releases start from the migration of crawlers to the canopy 
and the number of releases vary from 1–2 to 4–8 (Associ-
ates Insectary, Bioplanet, Koppert Italy, pers. comm.). Cur-
rently, A. pseudococci s.l. for mealybug control in vineyards 
is released in California, South Africa and Europe, where it 
is distributed over about 5000 ha mainly in Italy and Spain.

Overall, the variable outcomes resulting from inocula-
tive and inundative releases of A. pseudococci s.l. can be 
due to several constraining factors that can hamper the effi-
cacy of this encyrtid, such as the detrimental side effects 

Fig. 4  Major natural enemies 
of Planococcus ficus: a the 
encyrtid parasitoid Anagyrus 

vladimiri performing anten-
nal tapping and b oviposition 
on a P. ficus female (note the 
parasitoid wings in vertical 
position to avoid the peculiar 
defensive behavior of P. ficus 
in response to parasitization, 
i.e., the production of a droplet 
of waxy fluid discharged from 
abdominal ostioles), c adult and 
d larva of the coccinellid preda-
tor Cryptolaemus montrouzieri 
(photograph credit a–c: R. 
Ricciardi, d: V. C. Pacheco da 
Silva)
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of pesticides on released parasitoids and the disturbance 
of the parasitoid action by mealybug-tending ants. Further 
aspects that affect the parasitoid population increase are (1) 
the release rate of parasitoids in relation with the pest den-
sity; (2) P. ficus in autumn–winter months remains mostly 
concealed under the bark, being therefore protected from 
foraging parasitoids; (3) A. pseudococci s.l. is characterized 
by low densities early in the season, as parasitoid adults 
mostly emerge in late spring; and (4) timely release of para-
sitoids when suitable host stages are present, as they prefer 
larger VMB specimens, particularly for female offspring 
development (Daane et al. 2006a). In this regard, the limited 
supplies for short periods during peak seasonal demand, i.e., 
in spring, may also prevent the release of beneficials in the 
optimal time (Associates Insectary, pers. comm.).

Leptomastix dactylopii Howard (Hymenoptera: Encyrtidae)

Leptomastix dactylopii Howard (Hymenoptera: Encyrtidae) 
is a polyphagous mealybug parasitoid, which has been intro-
duced in the Mediterranean basin, USA, Australia, India and 
Pakistan in biological control programs mainly against P. 

citri. Lately, L. dactylopii emerging from P. ficus in vine-
yards has been reported from Tunisia, Egypt, South Africa, 
Turkey and Iran (Walton and Pringle 2004b; Mahfoudhi and 
Dhouibi 2009; Fallahzadeh et al. 2011; Attia 2012; Japosh-
vili et al. 2018). This parasitoid was also released in the 
1990s in classical biological control programs in California 
vineyards together with other mealybug parasitoids, with 
no significant mealybug control (Daane et al. 2008a). The 
main factor affecting the inadequate effectiveness of L. dac-

tylopii is most likely the climate, as the parasitoid is unable 
to overwinter in the Mediterranean climatic conditions of 
southern Europe (Franco et al. 2004). The estimated lower 
temperature threshold of L. dactylopii is higher than that of 
L. abnormis and A. pseudococci (Tingle and Copland 1988), 
and no oviposition occurs at temperatures lower than 18 °C 
(Zinna 1960).

The effectiveness of L. dactylopii against VMB could be 
manipulated in mass-rearing facilities. In fact, laboratory 
experiments demonstrated that L. dactylopii can successfully 
complete its development on VMB, showing a reproductive 
fitness comparable with that observed on P. citri, and a very 
low effective encapsulation rate (5%) (Marras et al. 2016). 
Furthermore, the host preference for VMB can be increased 
by rearing the parasitoid on its target pest. The potential 
innate preference of the parasitoid for P. ficus over P. citri 
is probably due to the common native area of origin (Kol-
Maimon et al. 2015). Further field observations highlighted 
higher captures of mass-reared L. dactylopii in transparent 
sticky traps baited with P. ficus pheromone than P. citri 
pheromone. Furthermore, P. ficus third instars and young 
females field-exposed in “potato traps” (see description in 

Franco et al. 2011) were parasitized by L. dactylopii more 
than P. citri individuals, indicating that this parasitoid is 
attracted by VMB pheromone and is able to parasitize this 
species in the field also in the presence of P. citri (P.M. Mar-
ras, AGRIS Sardegna, pers. comm.). Despite the promising 
laboratory results, L. dactylopii is not presently being used 
in vineyard biological control programs, probably because 
of the costs related with yearly inoculative releases and the 
lack of effectiveness in field experiments.

Coccidoxenoides perminutus Girault (Hymenoptera: 

Encyrtidae)

Coccidoxenoides perminutus (= Coccidoxenoides peregri-

nus) is a parasitic wasp native to Australia, nowadays widely 
distributed in northern and southern Africa, USA, the Mid-
dle East, India and Brazil (Daane et al. 2008a; Mahfoudhi 
and Dhouibi 2009; Fallahzadeh and Japoshvili 2010; Attia 
2012; Amala et al. 2013; Pacheco da Silva et al. 2016), and 
introduced in Europe for classical biological control pro-
grams (Italy, UK) (Noyes 2003). Laboratory trials pointed 
out lower developmental thresholds of C. perminutus than 
P. ficus (Walton and Pringle 2005; Varikou et al. 2010; Sime 
and Daane 2014), indicating a higher adaptability to low 
temperatures of the parasitoid which is a suitable biocon-
trol agent against VMB in temperate grape-growing regions 
(Walton and Pringle 2005). The same studies indicated the 
optimal temperature for population growth to be 25 °C, 
whereas the maximum developmental temperature could not 
be determined and was estimated as higher than 30–31 °C 
(Walton and Pringle 2005; Sime and Daane 2014).

Under laboratory conditions, this species exhibited some 
advantages as a biocontrol agent over A. vladimiri. In fact, 
100% of the C. perminutus offspring is female in view of 
the thelytokous reproduction, compared to 33.8% of A. 

vladimiri, and C. perminutus females produced more off-
spring than A. vladimiri (Sime and Daane 2014). Coccidox-

enoides perminutus exhibited a lower host-handling time 
than A. vladimiri, so that its reproductive success was not 
affected by mealybug-tending ants.

Coccidoxenoides perminutus under optimal climatic 
conditions can achieve high parasitism rates to the extent 
that it can infest facilities producing biocontrol agents and 
hamper the mass rearing of mealybugs. However, such high 
reproductive performance was not always reflected in the 
field, in which unsatisfactory results were observed in some 
cases (Davies et al. 2004). The poor parasitoid response in 
the field could be due to a limited tolerance to concomitant 
conditions of low relative humidity and high temperature. 
In addition, female parasitoids do not discriminate among 
mealybug stages (crawlers, second- and third-instar nymphs 
and young and mature females) for oviposition, although 
the highest parasitoid offspring (82%) is produced from 
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second-instar nymphs. This non-selective oviposition behav-
ior is a shortcoming in a mixed population of mealybugs, 
as females oviposit indifferently on all host stages, thereby 
reducing the reproductive efficiency (Sime and Daane 2014). 
A field trial investigating C. perminutus mass releases as a 
potential alternative to conventional organophosphate insec-
ticide control against P. ficus in South Africa highlighted 
that 5–6 augmentative releases of 20,000 parasitoids per 
hectare increased the parasitism rate by 8–13% and reduced 
the crop loss by 0.5–2% compared to chemical control (Wal-
ton and Pringle 2003).

More parasitoid and hyperparasitoid species have been 
reported emerging from VMB, even though their activity 
alone is insufficient to effectively contain its populations 
below economic damage levels (Table 1).

Predators

Lady beetles (Coleoptera: Coccinellidae)

The most important predator of mealybugs in the vineyards 
is the generalist mealybug destroyer, C. montrouzieri, native 
to Australasian region and introduced worldwide (Fig. 4b). 
This beetle has been used in classical biological control 
programs against P. ficus, M. hirsutus, P. calceolariae, P. 

longispinus and Phenacoccus aceris Signoret (Hemiptera: 
Pseudococcidae) in India, USA, Chile and Europe (Daane 
et al. 2012).

Females can lay up to 400 eggs into or near mealybug 
ovisacs. Larvae are covered with waxy filaments along the 
body margins and, to some extent, resemble their mealybug 
preys. Fourth-instar larvae are most effective in the preda-
tory activity, being able to consume up to 12 mealybugs/day 
(Muştu et al. 2008). However, both larvae and adults actively 
prey on mealybugs, and a single individual can eat up to 
1000 eggs or 500 juvenile mealybug instars in its lifetime 
(Daane et al. 2012). Larvae can detect preys only by physical 
contact, whereas adults perceive mealybugs by visual and 
chemical stimuli (Heidari and Copland 1992). Among the 
latter, chemical cues through contact with mealybug waxy 
filaments trigger C. montrouzieri oviposition behavior (Mer-
lin et al. 1996). Furthermore, females respond in a species-
specific way to mealybug pheromone stimuli (Urbina et al. 
2018), showing a more active searching behavior when 
exposed to P. calceolariae pheromone over P. viburni phero-
mone. This could be due to co-evolution of C. montrouzieri 
and P. calceolariae in the same native area, Australasia, 
whereas P. viburni is native to South America.

Being native to tropical Australasian region, the mealy-
bug destroyer development and reproduction are severely 
affected by temperature, to the extent that, in some temperate 
regions, it cannot overwinter in sufficient numbers to sup-
press effectively mealybug infestations (Muştu et al. 2008). 

The reported optimal temperatures for survival and repro-
duction ranged from 28 to 30 °C (Hussey and Scopes 1985; 
Saljodi et al. 2014), whereas the optimum temperature based 
on values of life table parameters was 26 °C (Saeedi et al. 
2015), indicating this temperature as the most suitable for 
mass rearing of C. montrouzieri. This lady beetle requires 
higher developmental temperature than parasitoids com-
monly used in vineyards. Therefore, spaced releases are sug-
gested in the growing season in combined biological control 
programs: earlier releases of parasitoids and later releases 
of predators. Indeed, this strategy was recently applied in a 
high-value wine grape area in Tuscany (Italy) by releasing 
A. vladimiri and C. montrouzieri at a rate of 1,000 para-
sitoids/ha in May and 500 predators/ha in late June–July, 
respectively (Lucchi and Benelli 2018). This strategy met 
with the approval of grape growers to the extent that bio-
logical control was extended from 20 to 800 ha in two years 
in an area-wide biological control program. In California, 
C. montrouzieri is distributed in 1–2 releases starting from 
early spring at rates of 1200–5000 adults/ha (Associates 
Insectary 2020).

Nephus kreissli Fürsch and Uygun (Coleoptera: Coccinel-
lidae) is a small-sized predatory beetle naturally occurring 
in vineyards in the Middle East and can therefore represent 
a potential biocontrol agent of P. ficus in Mediterranean 
vineyards (Muştu and Kilinçer 2013). At constant labora-
tory temperature of 28 °C, the egg-to-adult development 
was completed in 31 days, whereas the adult longevity was 
about 66 days in both males and females. Over their lifes-
pan, females laid on average 122 eggs. Preferred preys of 
first- and second-instar coccinellid larvae were mealybug 
eggs, whereas third- and fourth-instar larvae preyed pref-
erentially on second- and third-instar nymphs and adult 
females of P. ficus. The consumption of eggs increased with 
the development of N. kreissli immatures, and fourth-instar 
larvae showed the highest predation rate (Muştu and Kilin-
çer 2013).

Other lady beetle species have been recorded preying on 
grape mealybugs in grape-growing areas worldwide (Cali-
fornia, Mediterranean basin, South Africa, the Middle East, 
Argentina) (Dalla Montà et al. 2001; Walton and Pringle 
2004a; Daane et al. 2008a; Cucchi et al. 2009; Mahfoudhi 
and Dhouibi 2009; Fallahzadeh et al. 2011) (Table 1). Spe-
cies of the sub-family Scymninae (Hyperaspis, Nephus and 
Scymnus spp.) are common resident species in vineyards and 
may be of high importance in controlling mealybugs at low 
pest density as their activity is less dependent on high popu-
lation densities than C. montrouzieri (Daane et al. 2008a). 
Migratory lady beetles, mostly of the sub-family Coccinel-
linae (Coccinella and Hippodamia spp.), are in turn attracted 
by highly infested vineyards. However, the impact of lady 
beetles, except C. montrouzieri and N. kreissli, on mealybug 
species associated with grapevine has not been assessed.
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Other mealybug predator species

Several generalist predators are established in vineyards 
and have been observed feeding on mealybugs. Larvae of 
several lacewing species prey on smaller instars, whereas 
effective predation is more difficult on eggs, because of the 
protective waxy filaments of ovisacs, and on larger instars, 
which show defensive responses such as abdominal flipping 
or reflex bleeding. Chrysopid species associated with grape 
mealybugs include Chrysopa oculata Say, C. nigricornis 
Burmeister, C. coloradensis Banks and Chrysoperla coman-

che Banks in California (Daane et al. 2003, 2008a), Chrys-

operla asoralis Banks in Argentina (Cucchi et al. 2009), 
Chrysoperla carnea (Stephens) in California and Tunisia 
(Daane et al. 2008a; Mansour et al. 2010a) and Mallada 

prasinus (Burmeister) in Italy (Dalla Montà et al. 2001) 
(Table 1). In spring, brown lacewings predators belonging to 
Sympherobius and Hemerobius genera may provide compli-
mentary mealybug control being active at low temperatures. 
Currently, C. carnea is released in table-grape vineyards in 
California as a generalist predator of mealybugs as well as 
of mites and leafhoppers.

Among Diptera, larvae of the cecidomyiid and chamae-
myiid flies Dicrodiplosis spp. and Leucopomyia pallidi-

tarsis (Rondani) (= Leucopis alticeps Czerny) have been 
recorded feeding on mealybug eggs and crawlers in vine-
yards (Daane et al. 2008a; Fallahzadeh et al. 2011). Fur-
thermore, the hemipteran predatory bugs Geocoris pallens 
Stål, Nabis americoferus Carayon and Orius spp. commonly 
prey on mealybugs in vineyards, yet their density is usu-
ally low (Daane et al. 2008a). Spiders are the most common 
insect predators in vineyards, representing up to 90% of total 
predators (Costello and Daane 1999), and Theridion sp. was 
observed preying on second-instar nymphs of P. maritimus 
(Geiger and Daane 2001). The ability of all the above-men-
tioned predators to effectively reduce mealybug infestations 
has not been determined, and most likely, they contribute 
secondarily to mealybug control associated with more spe-
cialized parasitoids and predators, i.e., A. pseudococci s.l. 
and C. montrouzieri.

Entomopathogens

Nematodes

Entomopathogenic nematodes show some valuable traits as 
potential biocontrol agents, including the active searching 
behavior that allow to find mealybugs in concealed locations 
and the possible application on both the soil and canopy. 
On the other hand, nematode infectivity is strictly related 
to the humidity of the substrate that in some cases hinders 
the pathogenicity of nematodes. Laboratory screening of 
two nematode-based commercial products and six South 

African indigenous species highlighted as most promising 
species Steinernema yirgalemense Nguyen, Tesfamariam, 
Gozel, Gaugler and Adams and Heterorhabditis zealandica 
Poinar, which caused 65% and 96% mortality rates in VMB 
adult females, respectively, and also showed the ability to 
move downward in a sandy substrate to infect mealybugs 
(Le Vieux and Malan 2013). Further field trials indicated 
a higher pathogenic activity and soil persistence ability of 
S. yirgalemense (Le Vieux and Malan 2015). In addition, 
infective juveniles of that species were attracted by organic 
compounds produced by grapevine roots and mealybug adult 
females. However, infectivity of S. yirgalemense was deeply 
affected by temperature and, above all, relative humidity, 
as mortality rates decreased from 70 to 40% when RH 
decreased from 100 to 60% (Platt et al. 2018). Therefore, 
laboratory and glasshouse experiments were carried out with 
the aim to increase the nematode survival and infectivity 
in foliar applications by adding adjuvants, such as polysac-
charide starch and spreader (Platt et al. 2019). Addition of 
adjuvants concurred to increase mortality of P. ficus females 
by S. yirgalemense to 88% compared with nematode applica-
tion with water alone.

Fungi

Studies on the potential use of entomopathogenic fungi in 
the control of VMB have increased in recent years in view 
of the rising demand for sustainable grapevine protection. 
Isaria farinosa (Holmsk.) applied on leaves infested by P. 

ficus under laboratory conditions caused mortality rates 
up to 90.6% at 95% relative humidity (RH) in first-instar 
nymphs, whereas the lowest mortality was observed in eggs 
(68.7%) (Muştu et al. 2015). Common fungicides used in 
organic farming, such as sulfur and copper oxychloride, did 
not affect the entomopathogenic activity of I. farinosa on P. 

ficus. Therefore, the main limiting factor mining its practical 
application in vineyards is the strong relation between effec-
tiveness and relative humidity. The conidial germination of 
I. farinosa occurred at ≥ 90% RH and its insecticidal efficacy 
strongly declined to 19.6–34.6%, depending on the mealy-
bug developmental stage, at 60% RH (Muştu et al. 2015).

The entomopathogenicity of Beauveria bassiana (Bal-
samo), Metarhizium anisopliae (Metschnikoff) Sorokin and 
Verticillium lecanii (Zimm.) Viégas to VMB adult females 
was also studied in a dipping bioassay, which showed 
the highest mortality by B. bassiana (98% after 7 days) 
(Mohamed 2016). A similar bioassay highlighted a mortal-
ity of P. ficus females of 77–87% caused by B. bassiana 
strains and 69% by Clonostachys rosea f. catenulata (Link: 
Fries) Schroers, Samuels, Seifert and Gams (Moloinyane 
et al. 2019). Moreover, a positive association between some 
entomopathogens and the occurrence of high levels of soil 
macronutrients was observed, indicating that a rational 
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fertilization increases the natural presence of entomopatho-
genic fungi in vineyards.

Rondot and Reineke (2018) investigated the influence of 
endophytic activity of a commercial strain of B. bassiana 
on development and survival of VMB. The commercial 
microbial product was sprayed on potted plants, kept for 
two weeks at 23–25 °C and 50–70% RH to allow endophytic 
establishment. Afterward, leaves were excised and infested 
with first-instar nymphs, which showed a reduced body size 
and infestation rate due to endophytic fungal propagules. 
These findings contrast with those of Moloinyane and Nchu 
(2019), who observed no influence on the development of P. 

ficus adults and nymphs by B. bassiana inoculated on potted 
vines by drenching.

The natural entomopathogenic activity of fungi has been 
limitedly investigated. In Portugal, dead VMB were found 
naturally mycosed by 22 fungal species, including a yeast, 
with Sarocladium kiliense (Grütz) and Purpureocillium 

lilacinum (Thom) Luangsa-ard, Houbraken, Hywel-Jones 
and Samson being the most common pathogens (Sharma 
et al. 2018). However, the overall percent mortality was quite 
low (13.6%), indicating a limited natural efficiency of fungi 
as biocontrol agents.

Bacteria

Bacterial isolates have been tested recently for mealy-
bug control. Chromobacterium subtsugae (Martin, Gun-
dersen–Rindal, Blackburn and Buyer) and Burkholderia 

rinojensis Cordova-Kreylos have been recently isolated and 
showed insecticidal activity to a broad range of sucking and 
chewing insects, being therefore commercialized as bioin-
secticides (Marrone 2019). The former species was ineffec-
tive to P. longispinus infesting orchids (Ray and Hoy 2014), 
whereas it has been reported to be more toxic than neem oil 
and buprofezin to the VMB (Marrone 2011). Both C. subt-

sugae and B. rinojensis caused moderate and high mortality 
levels, respectively, to the Madeira mealybug, Phenacoccus 

madeirensis Green (Hemiptera: Pseudococcidae) on cotton 
(Shannag and Capinera 2018). Both commercial products 
are included in the list of bioinsecticides as potential alterna-
tives to chlorpyrifos in vineyards in California (Ag Innova-
tions 2020).

Bacillus amyloliquefaciens Fukumoto, Paenibacillus pol-

ymyxa (Prazmowski) Ash, Priest and Collins and Providen-

cia rettgeri (Hadley, Elkins and Caldwell) caused high mor-
tality (82.6–90.4%, depending on the bacterial species) in 
first-instar nymphs of P. citri after 72 h of exposition in labo-
ratory trials (Mohamedova et al. 2017). Regarding the mode 
of action of bacteria, it has not been fully elucidated and 
several aspects remain to be clarified. Both B. amylolique-

faciens and P. polymyxa produced cellulolytic enzymes and 
proteases (serine proteases and metalloenzymes), which 

have insecticidal properties. Providencia rettgeri produced 
only acid protease. None of the tested bacteria could degrade 
the external protective wax, as no lipolytic or chitinolytic 
enzymes were produced.

Natural products

Developing novel and effective biopesticides to successfully 
manage insect pests of agricultural importance is timely and 
challenging nowadays, to face the quick development of syn-
thetic insecticide resistance in targeted species as well as the 
close-related detrimental non-target effects on human health 
and the environment (Pavela and Benelli 2016; Athanassiou 
et al. 2018; Benelli et al. 2019; Pavela et al. 2020). The use 
of natural compounds as biopesticides in vineyards against 
VMB has been investigated in both laboratory and field 
studies. Orange and lemon essential oils sprayed on leaves 
infested by VMB adult females and third instars under labo-
ratory conditions were as toxic as paraffin oil, commonly 
used in organic vineyards against mealybugs (Karamaouna 
et al. 2013). Further laboratory studies highlighted that cit-
rus essential oils are toxic to VMB when sprayed on the sub-
strate and on nymphs, although direct applications on imma-
tures were more effective (Tacoli et al. 2018). When applied 
in vineyards under natural conditions, a bioinsecticide based 
on orange essential oils showed a low persistence but was 
nonetheless as effective as methidathion and drench-applied 
imidacloprid in reducing the density of all mealybug instars 
(eggs, nymphs and adult females) on grape trunks (Mansour 
et al. 2010a). Tacoli et al. (2018) also observed a reduction 
in VMB field population density on grape leaves sprayed 
with a green insecticide based on citrus essential oils, sug-
gesting as optimal spraying time two applications spaced one 
week apart against crawlers of the second generation at the 
onset of their migration toward the canopy.

The essential oils pulegone and menthone and the metab-
olite menthofuran extracted from Minthostachys verticillata 
(Griseb.) Epling showed a promising fumigant insecticidal 
activity on adult VMB females (Peschiutta et al. 2017; Deza-
Borau et al. 2020). However, the potential phytotoxicity and 
the effectiveness in field applications were not estimated. 
Other natural products, such as a commercial product 
based on eugenol, geraniol and limonene, and essential oils 
extracted from eucalyptus, peppermint, lavender and basil, 
were either not effective against VMB or showed different 
levels of phytotoxicity on grape leaves (Karamaouna et al. 
2013; Peschiutta et al. 2017). A limitation in the use of 
organic oils is related to alterations of the berry bloom, so 
that they are not applied after fruit set in table grapes.

Neem-derived products are bioinsecticides registered in 
several countries, e.g., USA and Brazil, for use on mealy-
bugs in organic farming (Ag Innovations 2020; M. Botton, 
unpubl. data), including viticulture, and are reported to 
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provide some control on younger instars, which are less pro-
tected by waxy covering (Flint 2016). Neem oil is toxic by 
contact action; applications should therefore target exposed 
mealybugs and repeated at short-time intervals because of 
its little persistence (Kreiter 2018). Neem oil applications 
effectively reduced the density of other mealybug species, 
although no specific research studies have been carried out 
on the effectiveness of neem products in controlling VMB.

An insecticidal soap of potassium fatty acids tested in 
laboratory bioassays caused in nymphs a mortality rate 
(69%) significantly higher than paraffinic oil (42%) and 
pyrethrin, sulfur and spinosad (< 20% mortality) (Taskin 
et al. 2014). However, a field trial in which the insecticidal 
soap was applied four times against the second and third P. 

ficus generations did not reduce significantly the pest density 
compared to untreated control (Tacoli et al. 2018).

In field and laboratory trials, applications of an inert 
particle film (kaolin) had no effect on mealybug mortality 
but showed a non-significant tendency to reduce the bunch 
infestation (Tacoli et al. 2018). Therefore, kaolin applica-
tion for other purpose, such as for increasing the grapevine 
water use efficiency or for controlling leafhoppers and the 
spotted wing drosophila, Drosophila suzukii Matsumura 
(Diptera: Drosophilidae) (Brillante et al. 2016; Tacoli et al. 
2017; Linder et al. 2020), may complimentarily hinder the 
migration of mealybugs to bunches.

Diatomaceous earth is widely used in management pro-
grams of several pests, including stored-grain and soft-bod-
ied insects. Its insecticidal effect is mainly due to physical 
abrasion of the cuticle and adsorption of cuticular lipids, 
causing exterior mechanical damage, which results in death 
by dehydration. Diatomaceous earth used as a coformulant 
acted synergistically with the active substance pulegone 
increasing the mortality of VMB in laboratory trials (Deza-
Borau et al. 2020). Diatomaceous earth formulations have 
been developed for use in organic viticulture on VMB in dry 
or aqueous solution applications (Todorov 2018). However, 
its impact on damaging densities of VMB in field conditions 
is yet unknown.

Pheromone-based management

Control tactics based on the exploitation of sex pheromones 
rely on disruption of male–female sexual communication 
and alteration of the mating behavior of insects to reduce 
pest population density and, consequently, crop damage. Sex 
pheromones are being increasingly used in sustainable pest 
management programs in view of their interesting features, 
including high species specificity, nontoxicity and safety 
for public health and the environment (Lucchi and Benelli 
2018). Pheromone-based control tactics represent new eco-
friendly opportunities to manage mealybug pests, as recently 

showed for P. citri, P. calceolariae and VMB (Franco et al. 
2003; Ricciardi et al. 2019).

The potential application of mating disruption for control-
ling VMB infestations was firstly investigated in California 
by testing rope and membrane dispensers and a microen-
capsulated flowable formulation of the synthetic sex phero-
mone (Daane et al. 2020). Results were promising as mating 
disruption consistently altered male orientation and often 
reduced the pest density and/or the crop damage, leading to 
the development of commercial mating disruption products.

The sprayable microencapsulated formulation was effec-
tive in reducing the pest density, the percentage of oviposit-
ing females, female fecundity and grape damage (Walton 
et al. 2006). On the other hand, the activity of the parasi-
toid A. pseudococci was not altered by mating disruption. 
However, microencapsulated formulation was effective for 
3–5 weeks and required up to four applications in order to 
ensure a season-long effectiveness (Walton et al. 2006). 
This formulation has been registered in the USA in 2015 as 
 CheckMate® VMB-F and evaluated in table-grape vineyards 
in 2016 and 2017 at a rate of 12.5 g a.i./ha, suppressing 
male captures in monitoring pheromone traps by about 90% 
for 30–45 days (Haviland 2017). Applications of the micro-
encapsulated formulation should be therefore repeated 2–5 
times from late May to early October to ensure a continuous 
disruption of male orientation. The number of applications 
depends on the pest pressure and harvest period, which usu-
ally occurs in September–October for wine grapes and in 
July–October for table grapes. The main advantage of the 
flowable formulation resides in the application with conven-
tional sprayers in combination with other control products, 
except emulsifiable concentrate (EC) products or organosili-
cone surfactants. On the other hand, this formulation is not 
registered for use in organic agriculture due to the enclosure 
of pheromone in polymer capsules in the microencapsula-
tion process. However, some accredited organic-certifying 
agencies have granted temporary exemptions for its use in 
California in table-grape vineyards in some specific situa-
tions (KCDA 2020).

The membrane dispenser  Checkmate® VMB-XL was 
the first product to be registered for mating disruption con-
trol of P. ficus in 2010 in California. Those devices were 
developed and tested independently in the early 2010s in 
table and wine grape vineyards in Argentina, Italy, Israel 
and Tunisia (Miano et al. 2011; Cocco et al. 2014; Sharon 
et al. 2016; Mansour et al. 2017b). Results were overall con-
sistent, showing the disruption of VMB male orientation 
and the reduction of mealybug population density. Langone 
et al. (2014) tested different pheromone loads per dispens-
ers (100–300 mg), dispenser densities (312.5–625/ha) and 
amounts of pheromone released (62.5–94 g/ha), determining 
the optimal density at 438 dispensers/ha with a pheromone 
load of 62.5 g of active ingredient/ha. Sharon et al. (2016) 
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reported a reduction of infested vines in highly infested vine-
yards by applying mating disruption as a stand-alone control 
tactic in two consecutive years. VMB control by mating dis-
ruption can be effective in small plots (0.5–2.5 ha), differ-
ently from mating disruption control of lepidopteran pests, 
e.g., the European grapevine moth, Lobesia botrana (Denis 
and Schiffermüller) (Lepidoptera: Tortricidae), which ben-
efits from area-wide management programs (Cooper et al. 
2014; Ioriatti and Lucchi 2016). Pheromone rope dispens-
ers  (Isonet® PF) for VMB mating disruption have been also 
developed and tested, indicating an increasing interest by 
manufacturers for this control tactic.

The field lifetime of pheromone dispensers ensured a 
season-long protection of vineyards, ranging from 120 to 
150 days in membrane dispensers (Cocco et al. 2014; Man-
sour et al. 2017b), while rope dispensers exhibited a longer 
disrupting efficacy of approximately 200 days (Cocco et al. 
2018b). The effectiveness of VMB pheromone-based control 
resides in delaying and reducing the number of matings to 
the extent that consecutive applications of mating disrup-
tion cause a reduction in the pest population density over 
years (Cocco et al. 2018b). In particular, a delay in female 
mating > 7 days reduced significantly the intrinsic and finite 
rates of increase and increased the mean generation time and 
the population doubling time, overall reducing the popula-
tion growth potential of VMB (Lentini et al. 2018). Use 
of mating disruption as a stand-alone control method in 
highly infested vineyards (> 10 mealybugs/plant) reduced 
the proportion of mated females but could not significantly 
reduce the VMB population density (A. Lentini, unpubl. 
data). Therefore, further studies are required to determine 
the critical mealybug density beyond which mating disrup-
tion should be complemented with additional practices for 
successful VMB control.

Lucchi et al. (2019) evaluated recently the efficacy of 
 Isonet® PF testing 300, 400 and 500 dispensers/ha at four 
study sites located in northern and southern Italy. Results 
collected over two years showed that mating disruption suc-
cessfully reduced the percentage of P. ficus-infested bunches 
and the number of mealybugs per bunch, if compared to 
untreated controls, and no differences in the incidence of 
infested bunches among the three tested rates of  Isonet® PF 
were observed. Collectively, the results obtained with mem-
brane and rope dispensers indicate that the optimal density 
to effectively manage P. ficus populations is density depend-
ent and influenced by the infestation degree of the pest in 
vineyards. Studies are currently ongoing to develop a dual-
purpose dispenser,  Isonet® LPF, for the concurrent control 
of P. ficus and L. botrana (Baba et al. 2019).

Aerosol spray cans  (Puffer® VMB) were also developed 
and provided effective control of VMB when deployed at the 
density of 5 cans/ha and complemented with applications of 
chlorpyrifos and spirotetramat in winter and post-harvest, 

respectively (Langone et al. 2014). Despite the promising 
results, this device was not further developed and did not 
reach the commercial stage.

Currently, mating disruption of VMB is applied world-
wide on approximately 130,000 ha in Italy, Spain, Greece, 
South Africa, Argentina, Uruguay and California, which is 
the most important grape-growing area applying this tac-
tic on more than 100,000 ha (CBC Europe, Suterra, pers. 
comm). Overall, the adoption of mating disruption is grow-
ing worldwide; this tactic was in fact used in the early 2010s 
on about 10–12,000 ha in California and less than 1000 ha 
in Europe. This increase has mostly occurred since 2015 
in California after the registration of  CheckMate® VMB-F, 
which is mostly used in non-organic vineyards in associa-
tion with insecticides. For example, in Kern County, which 
has a grape area of 27,300 ha (about 10% of total area of 
California) with table and wine grape in organic and con-
ventional production, applications of the microencapsulated 
formulation increased from about 50 to 7000 ha from 2016 
to 2020, whereas the use of dispensers decreased from 1100 
to 320 ha in the same period (KCDA 2020). Currently, mat-
ing disruption control in organic vineyards in Kern County 
is carried out over 800 ha using the flowable formulation, 
because of the exemptions granted by certifying organiza-
tions, and 220 ha with membrane dispensers.

Key factors a�ecting the management 
of Planococcus �cus in organic viticulture

Interaction of organic-approved control tactics

Sustainable control tactics applied for pest and disease 
control in organic viticulture may interact synergistically 
or antagonistically, thereby affecting the overall control of 
the VMB. For example, the most important VMB parasi-
toid, A. vladimiri, shows a kairomonal response to the host 
sex pheromone, using the chemical cue for host location 
(Franco et al. 2008). In this framework, mating disruption 
may alter the foraging behavior of the parasitoid and reduce 
its effectiveness. The interaction between biocontrol agents 
and pheromone-mediated control of P. ficus has been inves-
tigated by Shapira et al. (2018b). These authors observed 
that the diversity and abundance of natural enemies of VMB 
in Israeli vineyards were not affected by mating disruption 
against P. ficus and L. botrana, except for A. vladimiri. 
Indeed, female parasitoids were mainly captured in control 
plots, whereas male captures were low and not influenced by 
mating disruption. However, parasitized VMB were detected 
only in mating disruption plots, showing that this encyrtid 
species forages actively in mating disruption areas. These 
results are in accordance with early studies on the effective-
ness of mating disruption on P. ficus (Walton et al. 2006; 



173Journal of Pest Science (2021) 94:153–185 

1 3

Cocco et al. 2014), in which parasitism rates by A. vladimiri 
were higher in vineyards protected with mating disruption. 
Higher parasitism rates can be linked to parasitoid females 
spending more time searching for mealybugs in vineyards 
protected with mating disruption (Mansour et al. 2010b; 
Daane et al. 2012).

Bioinsecticides may not be selective to beneficial arthro-
pods, causing both acute toxicity and sublethal effects on 
behavioral and reproductive traits (Biondi et al. 2012; Soares 
et al. 2019, 2020). A commercial bioinsecticide based on 
orange oil was rated as harmless to A. vladimiri adults, fol-
lowing the insecticide classification by the International 
Organization for Biological and Integrated Control (IOBC-
WPRS) (Sterk et al. 1999), as it showed no contact toxicity 
and no effect on parasitoid progeny (Mansour et al. 2011a). 
Similarly, potassium fatty acids and paraffin oil were selec-
tive (mortality < 20%) to A. vladimiri, whereas pyrethrin and 
sulfur caused 76% mortality (Taskin et al. 2014). Natural 
products also differed in their selectivity to C. montrouzieri, 
as potassium fatty acids and pyrethrin caused adult mortality 
rates of 90 and 75%, respectively, whereas paraffin oil and 
sulfur were harmless (Taskin et al. 2014).

Intraguild interactions among natural enemies 
of Planococcus �cus

Intraguild interactions among natural and released biocon-
trol agents of P. ficus should be considered in the perspective 
of effective biological control programs. Muştu and Kilinçer 
(2014) studied the predation by N. kreissli on mealybugs har-
boring A. pseudococci s.l. and L. dactylopii larvae. Fourth 
instars and adults of N. kreissli predated 2- and 4-day-old 
mealybugs parasitized by the two parasitoids, while older 
ones were not preyed on, probably because of the onset of 
mummification. Interestingly, both adults and larvae pref-
erentially predated A. pseudococci-parasitized mealybugs 
over unparasitized ones. To avoid a reduction of the parasi-
toid efficiency, the predator release should follow by at least 
8 days the parasitoid release. Notwithstanding the drawbacks 
due to interspecific competition, the combined use of the 
three natural enemies would be more effective than sin-
gle releases of each beneficial insect (Muştu and Kilinçer 
2014). Muştu et al. (2008) also studied the feeding behavior 
of C. montrouzieri on P. ficus and P. citri parasitized by A. 
pseudococci s.l., showing that beetle larvae and adults were 
unable to discriminate between unparasitized and newly 
parasitized mealybugs. The highest consumption values for 
all tested stages of C. montrouzieri occurred in fact with 2- 
and 4-day parasitized mealybugs, whereas mealybugs para-
sitized by more than 6 days were discarded because of the 
appearance of mealybug mummies. Similarly to N. kreissli, 
predator–parasitoid intraguild interaction could negatively 
affect biological control programs employing both species. It 

was therefore suggested to space A. pseudococci s.l. and C. 

montrouzieri releases by at least 6 days (Muştu et al. 2008).
Interspecific competition may also occur between the 

major VMB parasitoid, A. pseudococci s.l. and L. dactylopii, 
when they are used simultaneously to control P. ficus. In this 
context, A. pseudococci s.l. may be more affected than L. 
dactylopii; in fact, when the latter had parasitism priority for 
72 h, its emergence rate was approximately 95%, while para-
sitism priority by A. pseudococci s.l. led to an emergence 
rate of 77.5% (Muştu and Kilinçer 2015). Although inocu-
lative releases of L. dactylopii in vineyards could affect the 
activity of A. pseudococci s.l., Muştu and Kilinçer (2015) 
believe that parasitoid combination might be more success-
ful than single use of natural enemies.

Relationship of Planococcus �cus with ants 
(Hymenoptera: Formicidae)

Planococcus ficus, as well as other honeydew-producing 
insects, is often tended by ants in a mutualistic relationship 
called trophobiosis. This relationship is based on the con-
sumption of the honeydew secreted by the ants, which in 
exchange protect the honeydew producers from their natural 
enemies (Delabie 2001; Daane et al. 2007; Mansour et al. 
2012; Feng et al. 2015). Ants may also improve the habitat 
quality and fitness of mealybugs by removing the excess of 
honeydew, which can trap crawlers and prevent their spread 
in the canopy. In fact, the Argentine ant, Linepithema humile 
Mayr, promoted the population increase of the obscure 
mealybug by increasing the survival of crawlers indepen-
dently by the presence of parasitoids (Daane et al. 2007).

Besides, ants can act in the dispersion of mealybugs and 
benefit the growth of their populations (Way 1963; Daane 
et al. 2007; Mgocheki and Addison 2010; Zhou et al. 2012), 
being considered as an indirect vineyard pest (Walton et al. 
2012). Several ant genera have been associated with mealy-
bugs and other scale insects commonly found in vineyards 
(Coccidae, Margarodidae and Monophlebidae), especially 
those from the subfamilies Myrmicinae (Crematogaster, 
Pheidole and Solenopsis), Dolichoderinae (Linepithema and 
Tapinoma) and Formicinae (Camponotus, Formica, Lasius 
and Plagiolepis) (Franco et al. 2009; Beltrà et al. 2017).

The ant species associated with mealybugs in vineyards 
vary according to the grape-producing country (Table 2).

Influence of ants on mealybug biological control

As mentioned above, the natural enemies’ activity is dis-
rupted by ants that protect and provide refuge for mealy-
bugs. In Californian vineyards, it was observed an increased 
parasitism level and reduced mealybug densities in ant-
excluded treatments (Daane et al. 2003, 2007). In labora-
tory conditions, Crematogaster peringueyi Emery and L. 
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humile increased the mortality of the parasitoids A. vladimiri 
and C. perminutus and led to a decrease in the parasitism 
level (Mgocheki and Addison 2009). Mansour et al. (2012) 
observed that the parasitism of A. vladimiri and L. dactylopii 
is affected by the presence of the ant Tapinoma nigerrimum 
(Nylander), mainly due to the ant-induced mortality of these 
encyrtid parasitoids.

The influence of ants on parasitism is species dependent, 
since the magnitude and effect of attacks change according 
to the species involved. The Argentine ant reduced forag-
ing time, oviposition attempts and number of A. vladimiri 

offspring. On the other hand, L. humile did not affect the 
activity of C. perminutus (Sime and Daane 2014), probably 
due to its smaller size and relatively faster parasitism com-
pared to A. vladimiri, leading to a greater efficiency of C. 

perminutus in the presence of ants (Mgocheki and Addison 
2009; Sime and Daane 2014). Campos et al. (2006) also 
noted a greater attack of Lasius niger (L.) in large body size 
parasitoids.

Predators are also attacked by foraging ants. The mealy-
bug destroyer C. montrouzieri larvae, which have the body 
covered by waxes mimicking their mealybug prey, are 

Table 2  Ant species associated with mealybugs in vineyards worldwide

Ant species Country References

Dolichoderinae

Iridomyrmex spp. Australia Sharley et al. (2008)

Linepithema humile Mayr Argentina, South Africa, USA Addison and Samways (2000), Varela et al. (2006), Daane et al. (2007), 
Schulze-Sylvester et al. (2018)

Linepithema micans (Forel) Brazil Nondillo et al. (2017)

Tapinoma nigerrimum (Nylander) Portugal, Tunisia Mansour et al. (2011b), Zina and Franco (2015), Gonçalves et al. (2017)

Tapinoma simrothi (Krausse) Italy Serra et al. (2006)

Formicinae

Anoplolepis custodiens (Smith) South Africa Addison and Samways (2000)

Anoplolepis steingroeveri (Forel) South Africa Addison and Samways (2000)

Cataglyphis hispanica (Emery) Portugal Gonçalves et al. (2017)

Cataglyphis iberica (Emery) Portugal Gonçalves et al. (2017)

Formica aerata Francoeur USA Daane et al. (2003)

Formica perpilosa Wheeler USA Daane et al. (2003)

Lasius grandis (Forel) Spain Beltrà et al. (2017)

Lasius niger (Linnaeus) Italy Serra et al. (2006)

Messor barbarus (Linnaeus) Portugal Zina and Franco (2015), Gonçalves et al. (2017)

Messor structor (Latreille) Italy Masoni et al. (2017)

Plagiolepis pygmaea (Latreille) Portugal Zina and Franco (2015)

Plagiolepis schmitzii Forel Spain, Tunisia Mansour et al. (2011b), Beltrà et al. (2017)

Tetramorium caespitum (Linnaeus) Portugal Zina and Franco (2015)

Myrmicinae

Aphaenogaster gibbosa (Latreille) Portugal Gonçalves et al. (2017)

Aphaenogaster iberica Emery Portugal Gonçalves et al. (2017)

Crematogaster scutellaris (Olivier) Italy A. Lentini (unpubl. data)

Crematogaster melanogaster Emery South Africa Addison and Samways (2000)

Crematogaster peringueyi Emery South Africa Addison and Samways (2000)

Crematogaster schmidti (Mayr) Tunisia Mansour et al. (2011b)

Pheidole aberrans Santschi Brazil Nondillo et al. (2017)

Pheidole pallidula (Nylander) Italy, Spain, Tunisia Mansour et al. (2011b), Beltrà et al. (2017), Masoni et al. (2017)

Pheidole subarmata Mayr Brazil Nondillo et al. (2017)

Pheidole teneriffana Forel Tunisia Mansour et al. (2011b)

Pheidole spp. Australia Sharley et al. (2008)

Solenopsis invicta Buren Brazil Nondillo et al. (2017)

Solenopsis fugax Latreille Italy Masoni et al. (2017)

Solenopsis molesta (Say) USA Daane et al. (2003)

Solenopsis xyloni McCook USA Daane et al. (2003)
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ignored by L. humile (Daane et al. 2007), but not by T. niger-

rimum, which attacks the larvae but it is harmless to adults 
(Mansour et al. 2012).

Control of mealybug-tending ants

Control of tending ants is a recommended measure in mealy-
bug management programs, especially within the framework 
of organic agriculture, and should be carried out before para-
sitoid release (Franco et al. 2004; Mgocheki and Addison 
2009; Addison and Samways 2012; but see Chailleux et al. 
2019). Several studies showed an increase in mealybug para-
sitism rates when the ants were excluded from the system 
(Daane et al. 2003, 2007; Mansour et al. 2012; Beltrà et al. 
2017).

Different tactics are available for ant management in 
organic vineyards, ranging from barriers to selective toxic 
baits; however, some tactics may be impractical in commer-
cial vineyards due to the high costs of application. The use 
of physical exclusion barriers, such as sticky bands stuck 
around the vine trunk, has been used to prevent the access 
of ants to vine canopy (Schwartz 1988; Addison and Sam-
ways 2012). Chemical barriers, such as bands impregnated 
with insecticides, may act as well as an ant barrier. Addison 
(2002) evaluated several chemical stem barriers to control 
L. humile and Anoplolepis custodiens (Smith) observing that 
chlorpyrifos-impregnated bands and terbufos slow-release 
bands were highly effective in ant control. Weed control 
through mowing or harrowing may also be important to pre-
vent ants from accessing the area above the stem barriers, as 
ants can use weed stems and leaves to by-pass the barriers 
(Addison and Samways 2012). Costello and Welch (2014) 
observed that weed control caused a reduction in the number 
of ants in the vines but did not affect mealybug infestation. 
However, barriers have a low viability in ant control, as they 
capture only foraging ants, not affecting the ants in the nest.

Since mealybug-tending ants primarily forage for sugar, 
the use of sugary toxic baits distributed in small doses is 
more advantageous for killing the whole anthill (Cooper 
et al. 2008; Daane et al. 2008b; Nondillo et al. 2016). In 
fact, toxicants are diluted from one ant to another, including 
larvae and queens, through trophallaxis. Thus, baits with a 
low concentration of toxicant allow the workers to survive 
long enough to reach the colony, transmit the toxicant and 
recruit more ants to the bait (Rust et al. 2004). The prefer-
ences of mealybug-tending ants for sugar- or protein-based 
foods may vary depending on the species and the time of 
year (Nondillo et al. 2014). Therefore, the kind of bait used 
is essential for effective ant control, as protein feeders are 
less successfully controlled by sugar toxic baits.

Liquid baits effective for mealybug-tending ants 
usually contain an attractant, sugar or protein, water 
and a toxicant, such as boric acid, hydramethylnon, 

imidacloprid or thiamethoxam (Rust et  al. 2004; Tol-
lerup et al. 2004; Daane et al. 2006b; Cooper et al. 2008; 
Nondillo et al. 2016). A number of containerized bait 
stations have been developed for deployment of liquid 
baits in vineyards, and Gourmet Liquid Ant  Bait® baited 
with disodium octaborate tetrahydrate is registered in 
California for use in organic viticulture. Liquid ant baits 
are required at high density and need frequent servicing, 
which is further increased in hot areas where the water of 
the active substance evaporates and the concentrated bait 
is not accepted by ants. Gel-like formulations prepared 
with hydramethylnon and fipronil have also caused mor-
tality of Linepithema species (Silverman and Roulston 
2001; Nondillo et al. 2016), although liquid consumption 
was higher and caused a greater mortality of the colony, 
indicating a higher effectiveness of liquid over gel baits 
(Silverman and Roulston 2001). Polyacrylamide water-
storing crystals containing low doses of thiamethoxam 
and boric acid suppressed the foraging activity of the 
Argentine ant in a commercial vineyard for 4–5 months 
(Cooper et al. 2019) and can be deployed with a tractor-
mounted spreader (Cooper et al. 2019). This could reduce 
remarkably the application time and cost and may repre-
sent a suitable deployment method for implementing a 
cost-effective ant control strategy. However, presently, all 
the liquid baits, either containerized or in water-storing 
crystals, are not broadly used commercially because of 
their prohibitive costs.

Disruption of ant pheromone trails by dispensers impreg-
nated with synthetic pheromone affects the normal orienta-
tion of workers, such as walking, recruitment and foraging. 
Trail disruption can lead to a greater difficulty for ants in 
finding the food source, leading to a lower use of resources 
and a reduction of colony size. The use of trail pheromone 
has been tested for the control of invasive ants, especially 
for the Argentine ant and the red imported fire ant, Sole-

nopsis invicta Buren (Suckling et al. 2008, 2010; Tanaka 
et al. 2009). Choe et al. (2014) evaluated the use of trail 
pheromones in an attract-and-kill approach, in which the 
addition of pheromone to insecticides (fipronil and bifen-
thrin) increased their efficiency, leading to a higher ant mor-
tality due to a higher exposure to toxicants. The effect of 
trail disruption of hemipteran-tending ants was evaluated 
in vineyards, determining that the dispensers installed near 
the base of the grapevines were more efficient, reducing 
the L. humile traffic in the plants by 73–79% (Westermann 
et al. 2016). Presently, trail disruption has been tested mainly 
on L. humile among the ant species inhabiting vineyards 
and the economical sustainability has yet to be evaluated, 
so that no commercial products have been implemented by 
manufacturers.
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Sustainable integrated management 
of Planococcus �cus

The integrated pest management in organic viticulture 
excludes the employment of synthetic insecticides with the 
purpose of effectively control grapevine pests and mini-
mizes the impact of control measures on the environment 
and human health. The previous sections described tools and 
strategies available in organic viticulture to control VMB 
populations and reduce their further spread and infesta-
tions. Some biological control tactics provided promising 
results but are still in the experimental evaluation phase 
and have not been widely applied, while others alternate 
between effective and insufficient control. In general, single 
control tools applied as a stand-alone treatment may not be 
completely effective for high VMB infestations. In addition, 
monitoring of the distribution and level of mealybug density 
is essential to pinpoint the infestation foci and concentrate 
control efforts where they are most needed. Therefore, inte-
grated pest control in organic viticulture requires a holistic 
approach rather than separate applications against specific 
pests (Vincent et al. 2012). In some large table-grape farms 
in California, organic control tools in newly-planted fields 
are applied for as many years as possible, and when VMB 
cannot be controlled below the economic threshold with 
organic-certified tactics, plots are converted to conven-
tional control programs. In this way, each year new fields 
are started with organic viticulture practices and some are 
rotated out to integrated chemical control (D. Haviland, Uni-
versity of California, pers. comm.).

Rational strategies to avoid the establishment of VMB 
populations should be implemented since vineyard planting. 
Even though cultivar and rootstocks showed different levels 
of susceptibility to VMB development (Naegele et al. 2020), 
scion and rootstock choice is driven by economic interests 
rather than phytosanitary reasons. Nevertheless, planting of 
mealybug-free nursery stock is critical in order to avoid early 
infestations on young grape cuttings and postpone mealy-
bug establishment in vineyards (Daane et al. 2004c). Prac-
tices aimed at reducing the dispersion of mealybugs from 
vineyard to vineyard also include a thorough sanitation of 
vineyard equipment, such as tractors, bins, picking pans and 
especially mechanical harvesters, which operate when pest 
population is high and have contact with infested clusters 
made sticky by honeydew that facilitates mealybug spread.

Irrigation and nitrogen fertilization modify the plant vigor 
and affect the biotic potential of sap-feeding pests (Cocco 
et al. 2015; Muscas et al. 2017). The combination and level 
of water and nitrogen provision mainly depend on produc-
tion and oenological goals. However, water and nitrogen 
supply should be balanced not to exceed the pursued quan-
tity and quality objectives. The reduction of the plant vigor 

and summer pruning generally improve the grape quality 
and reduce the spatial refuge of mealybugs in the canopy. 
In addition, a less dense canopy improves the penetration of 
natural compounds approved in organic agriculture, thereby 
increasing their effectiveness.

Habitat manipulation, such as conservation of natural 
vegetation around vineyards, enhances the abundance of 
natural enemies (Thomson and Hoffmann 2009; Shapira 
et al. 2018a), as well as cover crop strips provide shelter 
and food sources (pollen, nectar and alternative preys) to 
natural enemies within vineyards (Irvin and Hoddle 2015; 
Benelli et al. 2017). However, such ecosystem services have 
not been quantified in terms of reduction of VMB infes-
tation or damage. Grass ground covers are established in 
vineyards with high soil fertility to lower the vigor of plants, 
which are therefore a less suitable feeding substrate for sap-
sucking pests such as mealybugs and leafhoppers (Muscas 
et al. 2017; Wilson and Daane 2017; Daane et al. 2018c). 
Cover crops also have drawbacks, as no-till management 
promotes ant nesting and therefore the development of VMB 
populations.

The cultural practices described above aim to prevent the 
buildup of mealybug populations to damaging density, but 
they are not effective against high infestations, so that they 
should be complemented with more effective control tools. 
Cultural practices directed at improving the grape and wine 
quality can be helpful also to mitigate mealybug infestations. 
For instance, bunches are often thinned to increase berry 
size in table grapes and improve oenological traits of wine 
grapes. In that case, removal of bunches touching the trunk 
that are more likely to be infested would reduce crop losses 
at harvest (Geiger and Daane 2001). In addition, stripping 
the bark from trunks and cordons reduce spatial refuge of 
mealybugs that are therefore exposed to higher risks of mor-
tality by natural enemies (Daane et al. 2006a, 2012; Pavlović 
et al. 2019).

Mating disruption technique associated with insecticides 
effectively reduced high populations of P. ficus compared 
with insecticide applications alone in both wine and table-
grape vineyards (Cocco et al. 2014, 2018a, b; Mansour et al. 
2017b). Conventional control prevented the population 
increase but could not reduce the mealybug density, whereas 
mating disruption promoted a gradual pest decrease when 
applied consecutively over the years. At lower pest densi-
ties, stand-alone application of mating disruption proved to 
be effective in reducing the population density and grape 
damage at harvest over years (Sharon et al. 2016; Lucchi 
et al. 2019). A potential constraint for the effective control 
of high mealybug populations with the mating disruption 
technique is represented by its highly aggregated distribu-
tion, as clumped colonies increase the probability of casual 
matings (Cardé and Minks 1995).
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To optimize the efficacy of VMB mating disruption, an 
integrated sustainable management protocol similar to that 
of the European grapevine moth should be developed. In 
fact, mating disruption against L. botrana is implemented by 
visual monitoring of cluster infestation in the first genera-
tion, and (bio)insecticide are applied against second-gener-
ation larvae when the action threshold of 5–10% of infested 
clusters is exceeded in the first generation (Charmillot and 
Pasquier 2000; Ioriatti et al. 2011). The integration with 
sustainable control tactics directed to reduce the mealybug 
density below an economic action threshold would improve 
the effectiveness of mating disruption for P. ficus. In this 
perspective, citrus essential oils and paraffin oil seem the 
most promising compounds allowed in organic viticulture.

Where applied, biological control of the VMB mostly 
relies on releases of A. pseudococci s.l. and C. montrouzieri, 
whereas releases of other natural enemies only occur in lim-
ited areas, such as lacewings in California and C. perminutus 
and Nephus spp. in South Africa (D. Haviland, University 
of California, Koppert South Africa, pers. comm.). Effec-
tive control of P. ficus by the combined release of natural 
enemies has been reported (Lucchi and Benelli 2018). In 
contrast, biological control trials carried out in Califor-
nia provided inconclusive results despite the mass release 
of an economically unsustainable number of parasitoids 
(24,700–37,000 A. pseudococci per hectare) (Daane et al. 
2006a; Tollerup 2007). Further studies should clarify the 
effectiveness of A. pseudococci and A. vladimiri, highlight-
ing constraining factors limiting the natural enemy activity 
and optimal release rates and timing. In high-value grape 
productions, a further development may be represented by 
release of natural enemies through drones equipped with 
controlled-release devices in order to increase the release 
efficiency and timing (Neuman 2019). In any case, augmen-
tative or conservation biological control programs of P. ficus 
should include control efforts against mealybug-tending 
ants, which play a key role in the parasitoid activity. In fact, 
in several studies, ant suppression resulted in increased para-
sitism rates and reduced mealybug density and crop damage 
(Daane et al. 2008b; Mgocheki and Addison 2010; Cooper 
et al. 2019). Integration of mating disruption and biological 
control was shown to be possible (Shapira et al. 2018b). In 
the perspective of future climate change scenarios, contrast-
ing the movement of mealybugs to shelters (spatial refuge) 
and effective control of tending ants that hinder the foraging 
activity of natural enemies (temporal refuge) are key points 
required for a successful control of P. ficus (Gutierrez et al. 
2008).

Control programs applied in organic viticulture strongly 
depend on the grape production, as table grape is of high 
value and high efforts are undertaken to keep the pest den-
sity low, whereas wine grape is a medium-value production 
and some mealybug density is tolerated, and finally raisin 

grape is a low-value product and mealybug control is lim-
ited. Differences in crop value, pest tolerance and pest pres-
sure affect the choice of management strategies. In Europe, 
mating disruption rope and membrane dispensers cost about 
185 €/ha when applied at rates recommended by manufactur-
ers (500 units/ha) (CBC Iberia, pers. comm.), whereas 1000 
parasitoids/ha or 500 C. montrouzieri beetles/ha have an eco-
nomic impact of about 115–135 €/ha (Lucchi and Benelli 
2018; A. Lucchi, unpubl. data; Koppert Italy, pers. comm.). 
In California, membrane dispensers cost for about 300 $/
ha, whereas the flowable formulation is less expensive as a 
single application costs approximately 75 $/ha (D. Haviland, 
University of California, pers. comm.). The cost of deploy-
ment of natural enemies and dispensers vary widely among 
grape-growing regions and cannot be estimated, whereas 
the microencapsulated formulation is more flexible and is 
usually tank-mixed with other control products. A single 
release of 625 A. pseudococci s.l./ha costs 125 $, whereas 
the release of 1250 C. montrouzieri/ha costs about 100$ 
(Associates Insectary 2020).

Conclusions and future perspectives

Synthetic insecticides cannot be employed in pest manage-
ment programs in organic viticulture. However, a number 
of control tactics that are environmentally friendly, eco-
nomically sustainable and safe for human health can be 
integrated. In this scenario, chemical pesticide-free control 
tactics for P. ficus extend from classical biological control 
to entomopathogens, including cultural and physical control 
tactics, mating disruption and bioinsecticides, indicating a 
wide range of options for successful management programs. 
Several techniques have been applied effectively in labora-
tory and field conditions, although few studies investigated 
their implementation and the economic feasibility of their 
integration. Therefore, multiple applied research approaches 
are required to enhance the sustainable control of P. ficus 
in vineyards. This includes understanding of the density 
action threshold below which biological control and mating 
disruption are effective as a stand-alone control tactic, as 
the control effort exerted may change in relation with the 
magnitude of the pest infestation. The number of released 
natural enemies and the concentration of mating disruption 
pheromone dispensers should be adapted to different densi-
ties of mealybugs in the vineyard, in agreement with the 
principles of precision pest control. Additionally, research 
on cost-effectiveness of integration of the available control 
methods should also receive attention. Basic research aiming 
at improving the current knowledge on the modes of action 
of the available chemical pesticide-free control tools should 
also be extended to enhance their effectiveness. Improve-
ments in technology, equipment and industrial production, 



178 Journal of Pest Science (2021) 94:153–185

1 3

such as mass rearing techniques and pheromone synthesis 
and processing, would reduce the costs of these control 
tactics thereby contributing to their further spread. Finally, 
studies on biotic and abiotic factors affecting organic con-
trol practices should avoid unexpected failures in pest con-
trol. Gathered all together, the studies reviewed indicate the 
potential implementation of effective management programs 
for sustainable grape production in the coming years.
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