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Abstract

Urban areas landscaped with ornamental palms, especially Canary Islands date palms (Phoenix canariensis), are particularly
vulnerable to incursion by invasive palm weevils, Rhynchophorus spp. (Coleoptera: Curculionidae). Metropolitan palmscapes
are often resource rich in terms of palm species diversity and density, and these areas typically have numerous conduits
(e.g., air, road, or sea transportation hubs) that assist with international and regional trade and tourism which can facilitate
accidental or deliberate weevil introductions. Once established in urban areas, Rhynchophorus populations may be hard to
suppress, from where they can expand their range and threaten agricultural commodities or native palms in wilderness areas.
Here, we review current knowledge about relationships between Rhynchophorus invasions and urban environments. Further
research areas should be addressed to improve forecasts of invasion risks and to complement management options for detec-
tion and control. We propose that greater attention be paid to quarantine restrictions on live palm movements and pro-active
early detection and monitoring programs in areas deemed to be at high risk of invasion and establishment. In response to
an incursion, we advocate the deployment of containment and eradication campaigns in urban zones when populations are
small and highly localized.
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Key message ¢ Increased attention to exclusionary quarantines, incursion
monitoring, and eradication to prevent establishment and

spread of Rhynchophorus spp. is needed.

e The identity and impact of Rhynchophorus spp. attack-
ing palms in urban areas, which often serve as invasion
bridgeheads prior to incursions into agricultural areas,
are reviewed.
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e Future management strategies could exploit new tech-
nological developments for insect surveillance, genetic
modification of palm hosts, and new association biologi-
cal control.

Introduction

Palm weevils (Rhynchophorus spp.: Coleoptera: Curcu-
lionidae), especially the highly invasive and tremendously
destructive red palm weevil, R. ferrugineus (Olivier), have
global notoriety because they are devastating pests of palm
trees (Faleiro 2006). The larva is the most damaging life
stage, and heavy larval feeding in the apical meristem causes
economic damage as it can cause frond disfigurement and
palm death (Idris et al. 2015). Larval tunneling creates entry
points for other damaging insect pests and diseases (e.g.,
fungal pathogens) (Downer et al. 2009; Dembilio and Jaques
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2015; Kontodimas et al. 2017). Pest severity is exacerbated
because feeding larvae are concealed, and this makes early
detection and control difficult. Consequently, failure to
detect internal infestations when they are small and damage
is limited can delay the onset of remedial pesticide applica-
tions, thereby increasing the possibility that palms will be
killed as feeding damage increases (Hoddle et al. 2013).

There are approximately 10 Rhynchophorus spp. (Wat-
tanpongsiri 1966), and they tend to be problematic within
their respective native ranges (Murphy and Briscoe 1999).
Rhynchophorus ferrugineus, native to the Indian sub-con-
tinent (i.e., India, Sri Lanka) and parts of Southeast Asia
(i.e., northern Thailand, Vietnam, Cambodia, and the north-
ern Philippines), has demonstrated high invasion capacity
and is problematic in a range of habitats that encompass
agricultural settings [e.g., edible dates (Phoenix dactylifera)
and coconut (Cocos nucifera)] to urban palmscapes [e.g.,
those dominated by Canary Islands date palms (P. canar-
iensis)] (Wattanpongsiri 1966; Murphy and Briscoe 1999).
This pest has successfully invaded parts of East Asia, the
Middle East, Mediterranean Basin, and the Caribbean [see
Fiaboe et al. (2012)] for a comprehensive list of countries
and dates of first detection). In addition to R. ferrugineus,
other Rhynchophorus species have invasion potential. For
example, R. palmarum (L.), native to Mexico, Central and
South America, has established in California USA (Hod-
dle and Hoddle 2017), and R. vulneratus (Panzer), native
to Indonesia, was found then subsequently eradicated from
California (Hoddle et al. 2016).

The economic importance of Rhynchophorus spp. attack-
ing agricultural palm crops is exemplified by the adverse
impacts R. ferrugineus has on date production (Faleiro 2006;
El-Sabea et al. 2009; Giblin-Davis et al. 2013; Idris et al.
2015; Al-Dosary et al. 2016; Yasin et al. 2017). Review of
this agri-centric literature is beyond the scope of this arti-
cle. Instead, we discuss here the current knowledge of the
biology, ecology, and management of Rhynchophorus spp.
attacking palms in urban areas which often serve as invasion
bridgeheads prior to incursions into agricultural areas. We
also identify research areas that could advance our under-
standing of Rhynchophorus spp. and their management in
urban landscape plantings of ornamental palms.

The biology and ecology of Rhynchophorus
species

Biogeography of Rhynchophorus species

The genus Rhynchophorus naturally has a pan-tropical dis-
tribution (Wattanapongsiri 1966). However, three species,
R. ferrugineus, R. vulneratus, and R. palmarum (Fig. 1),
have established outside of their native ranges in distinctly
non-tropical areas such as the xeric deserts of the Mid-
dle East (R. ferrugineus) and areas with Mediterranean
climates [e.g., California (i.e., R. palmarum and R. vul-
neratus) and Mediterranean Europe and North Africa (i.e.,
R. ferrugineus)] (Giblin-Davis 2001; Fiaboe et al. 2012;
Rugman-Jones et al. 2013; Hoddle et al., 2016; Hoddle
and Hoddle 2017). International and regional trade in live
palms (Idris et al. 2015), possible smuggling of live wee-
vils (Hoddle 2015), and potentially long distance dispersal
following accidental introduction into new areas (Hod-
dle et al. 2015; Hoddle and Hoddle 2016) has resulted in
establishment and spread in countries outside of the native
range.

Taxonomic identification of Rhynchophorus species

Most Rhynchophorus spp. can be identified using structural
characters (Wattanpongsiri 1966; Zhang et al. 2002; Abe
et al. 2009; Giblin-Davis et al. 2013). However, high levels
of polymorphism, especially with respect to color (Fig. 2),
have created confusion around the taxonomic identification
of some species like R. ferrugineus and R. vulneratus which
are native to the same general area [i.e., Southeast Asia;
(Rugman-Jones et al. 2013)]. Both species are attracted to
the same aggregation pheromone. Additionally, in some
instances, the generally black-colored R. palmarum has
a small percentage of the population that exhibits colora-
tion typical of some R. ferrugineus and R. vulneratus (Lohr
et al. 2015). Molecular analyses can help resolve uncertain-
ties pertaining to species identities and for invasive species,
potential area of origin (Rugman-Jones et al. 2013, 2017).

Fig. 1 Three Rhynchophorus
species, a R. ferrugineus adult,
larva, and pupa extracted from
a pupal cocoon, b R. vulnera-
tus, and ¢ R. palmarum have
exhibited significant invasion
potential having successfully
established breeding popula-
tions outside of their native
ranges. (Color figure online)
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Fig.2 Color polymorphism of

adult specimens currently clas-

sified as red palm weevil, Rhyn-

chophorus ferrugineus. Genetic

analyses confirm that specimens

with similar color morpholo- <
gies represent two species: R.

ferrugineus and R. vulneratus. ‘
(Color figure online)
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Rhynchophorus spp. are oligophagous and can reproduce
on a diverse variety of palm species (Arecales: Arecaceae)
(Wattanpongsiri 1966). For example, R. ferrugineus, R.
vulneratus, and R. palmarum have been recorded reproduc-
ing on over 30, 12, and 10 arecaceous hosts, respectively
(Arango and Rizo 1977; Restrepo et al. 1982; Griffith 1987,
Séanchez and Cerda 1993; Giblin-Davis 1993; Murphy and
Briscoe 1999; Giblin-Davis 1993, 2001; Alpizar et al. 2002;
EPPO 2008). Sugar cane, Saccharum officinarum (Poales:
Poaceae) may support larval development in the field (e.g.,
R. palmarum) (Magalhaes et al. 2008; Lohr et al. 2015) and
laboratory colonies (e.g., R. ferrugineus) (Dembilio and
Jaques 2015). Adult weevils may feed but not reproduce on
the fruit of non-palm hosts [e.g., R. palmarum on avocado
fruit (Persea americana)] (EPPO 2008). With respect to R.
ferrugineus, this weevil shows clear preferences for some
palm species over others, and it has been shown defensive
antixenotic and antibiotic mechanisms may influence host
selection (Barranco et al. 2000; Dembilio et al. 2009). In the
native range, C. nucifera are highly preferred (Faleiro 2006),
and in Malaysia, R. ferrugineus is considered an invasive
pest of coconut plantations (Azmi et al. 2013; Chong et al.

Host plant preferences

2015). In the invaded areas of Mediterranean Europe (e.g.,
Italy, Spain, Greece, France), North Africa (e.g., Tunisia),
and parts of East Asia (e.g., Japan, China, and Taiwan), R.
ferrugineus has exhibited a clear preference for non-native
ornamental P. canariensis palms, whereas in the Middle
East, it is a major pest of ornamental and commercial fruit-
producing P. dactylifera (Kontodimas et al. 2006; El-Juhany
2010; Melita et al. 2017).

Life cycle and feeding behavior

All Rhynchophorus spp. have similar reproductive and
developmental biologies and most of what is known has
been described from life history studies on R. ferrugineus
(Wattanpongsiri 1966; Jaya et al. 2000) and R. palmarum
(Wilson 1963; Hagley 1965; Sanchez et al. 1993). Mating
times are variable and females may copulate with multiple
partners throughout their lifetime (Hagley 1965; Sanchez
et al. 1993). Adult life span is typically a few months in
duration, irrespective of sex, and the sex ratio of free-rang-
ing populations, irrespective of weevil species, is 1:1 (male/
female) (Ramachandran 1998; Hunsberger et al. 2000; Li
et al. 2010). Rhynchophorus spp. are multivoltine and can
complete multiple generations within the same palm host
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(Esteban-Duréan et al. 1998; Salama et al. 2002; Dembilio
and Jaques 2015).

When ovipositing, female weevils chew holes into palm
tissue where eggs are subsequently deposited. Females can
oviposit multiple times over several weeks (Hagley 1965;
Faleiro 2006). There is preference variation in oviposition
sites selected by females, and this may be influenced by palm
species and pre-existing damage (e.g., pruning wounds). For
example, R. ferrugineus will lay eggs in wounds, cracks, and
crevices in the palm trunk from the collar region near the
roots (e.g., P. dactylifera), or at the base of frond petioles
and axils near the crown of the palm (e.g., P. canariensis)
(Kalshoven 1981; Abraham et al. 1998).

Under optimal conditions Rhynchophorus spp. are highly
fecund. Females lay on average 200 and 245 eggs for R. fer-
rugineus and R. palmarum, respectively. Their longevity is
1-3 months (Hagley 1965; Wattanpongsiri 1966). Most eggs
are fertile [>75% hatch; (Kaakeh 2005)] and, depending
on temperature, eggs hatch within 3-4 days (at 21-32 °C)
(Dembilio and Jaques 2015). The number of immature stages
and larval growth rate appears to be variable within and
across species, and may be affected by the quality and quan-
tity of the food source, temperature, or sex (Kaakeh 2005;
Dembilio and Jacas 2012). Rhynchophorus spp. usually have
4—7 larval instars; however, in some instances, up to ten
instars have been recorded before the pupal stage is reached
(Wattanpongsiri 1966; EPPO 2005, 2008). After completing
larval development, larvae pupate inside cylindrical cocoons
spun from palm fibers (Fig. 3). Pupation sites are selected
within the palm trunk or in concealed places such as tunnels
excavated by pre-pupal larvae at the base of palm fronds.
Pupation lasts approximately 3—4 weeks (Hagley 1965). It
has been estimated that egg to adult emergence may take

10cm

Fig.3 Life cycle of Rhynchophorus palmarum. From left to right:
adult weevil, larva, cocoon, and pupa. (Color figure online)
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three to 4 months, mediated by the quality and quantity of
the food source, sex, and the prevailing temperature (Kaakeh
2005; Idris et al. 2015; Jaya et al. 2000).

Rhynchophorus spp. larvae feed internally on soft tissue,
especially meristematic tissue (i.e., palm heart), which, when
severe enough, can kill the palm as it can no longer continue
growing (Fig. 4) (Faleiro 2006). Larval feeding produces a
wet, warm, fermenting “mash” inside the palm which has a
distinctive odor. Bacterial communities have been identified
within the “mash” produced at Rhynchophorus spp. feeding
(Butera et al. 2012; Abe et al. 2010). These bacteria may
support weevil larvae development by providing them with
externally digested palm material. Interestingly, field obser-
vations have found no correlation between developmental
and other life history parameters of Rhynchophorus spp. and
external climatic conditions (Rahalkar et al. 1972; Avand-
Faghih 1996). This may suggest that weevil development
times are reasonably consistent in tropical regions where the
prevailing climate is similar year round, and in invaded areas
where year round climatic conditions may be more extreme
[e.g., very hot summers and cold winters in date production
areas of Al Ghowaybah, Saudi Arabia (Hoddle et al. 2013)].
The potential adverse effects of extreme temperatures may
be moderated within the protective confines of the palm

Fig.4 Feeding damage caused by Rhynchophorus spp.: a dropped
Phoenix canariensis crown and b fronds of P. canariensis damaged
by R. palmarum feeding in Tijuana, Mexico; ¢ Phoenix canariensis in
Tunis, Tunisia destroyed by R. ferrugineus. (Color figure online)
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trunk (Dembilio and Jacas 2012), and notably in winter by
the increase in temperature inside the palm associated with
microbial activity at feeding sites (Giblin-Davis 2001).

Dispersal and habitat selection

Rhynchophorus spp. are strong fliers and can detect their
host plants and breeding sites (i.e., palms that are already
infested or weakened by other stresses) at distances over
900 m (Leefmans 1920; Griffith 1987; Weissling and Gib-
lin-Davis 1993; Weissling et al. 1994; Abbas et al. 2006).
Fermentation products (e.g., acetoin, organic acid deriva-
tives, and ethyl esters) increase the attractiveness of infested
palms to palm weevils (Guarino et al. 2011; Tagliavia et al.
2014). Flight mill studies suggest more than half of field
captured R. ferrugineus and R. vulneratus can fly > 10 km
per day (Hoddle et al. 2015, Hoddle and Hoddle 2016). A
small percentage of R. vulneratus females can fly 50-80 km
in 24 h (Hoddle and Hoddle 2016). The distribution of flight
distances can be insightful. The flight distances of R. vul-
neratus, for example, are leptokurtic, and the heavy tails of
these flight distribution data suggest heterogeneous dispersal
capabilities between individuals within a population (Hod-
dle and Hoddle 2016). This could have significant impacts
on invasion speeds and distances between incipient popula-
tions on the leading edges of the invasion wave (Hoddle
and Hoddle 2016). Flight distance estimates from flight mill
studies should be viewed with caution as it is unknown as
to whether or not weevils undertake long distance flights in
nature, especially when host palms may be abundant and in
close proximity to each other. However, flight mill data can
provide useful insights for comparative analyzes. For exam-
ple, several factors may affect the flight propensity and dis-
tances flown by Rhynchophorus spp. including season (i.e.,
time of year), humidity and temperature, sex (i.e., males vs.
females), and possibly age (Avalos et al. 2014, 2016; Hod-
dle et al. 2015).

In comparison with flight mill studies, realistic assess-
ments of flight distances may come from field trapping stud-
ies. Field observations have found adult R. palmarum can
travel up to 1.6 km in 24 h, irrespective of sex (Griffith 1987;
Sénchez et al. 1993). Mark-release-recapture studies in date
plantations suggest that R. ferrugineus can fly at least 7 km
over 3-5 days from a release point (Abbas et al. 2006). As
with flight mill studies, field estimates of flight capabilities
need to be viewed with caution. For example, distances from
release points to points of capture probably do not accurately
measure distances flown to capture points as weevil flight
is seldom linear, and is very often highly circuitous and
serpentine (both horizontally and vertically), even in areas
devoid of foliage and competing sinks (M. Hoddle pers.
obs.). Additional shortcomings with mark-recapture studies
include, the limited number of traps that can be deployed,

the distances over which sufficient numbers of traps can be
set for recaptures [especially long distances (5—10 km) from
release points], the number of marked weevils released, and
inherently low recapture rates following releases (M. Hod-
dle pers. obs.).

Rhynchophorus spp. adults exhibit diurnal and nocturnal
flight behaviors, and flight activity patterns may be species
and population specific. For example, in India, Sri Lanka,
and the Philippines (all part of the native range of R. fer-
rugineus) pheromone trap captures of R. ferrugineus adults
were highest between 6 p.m. and 8 a.m. (Faleiro and Satarkar
2003; Faleiro 2006), with > 78% of weevils being caught
in this time interval. Conversely, for invasive populations
of R. ferrugineus in Saudi Arabia, Italy, and Greece, and
native populations in Vietnam, and for native populations
of R palmarum in Venezuela, flight activity either on flight
mills or recorded as pheromone trap captures at field sites
suggest flight activity is restricted primarily to daylight
hours (Hagley 1965; Aldryhim and Al Ayedh 2015; Fanini
et al. 2014).

Weevil-induced palm mortality

The threat posed to palms in the invaded regions by R. pal-
marum may be significantly greater because of its ability to
vector a plant pathogenic nematode, the red ring nematode,
Bursaphelenchus (Rhadinaphelenchus) cocophilus (Cobb
1919) (Aphelenchida: Parasitaphelenchidae), the causal
agent of a lethal malady of palms known as red ring dis-
ease (Bain and Fedon 1951; Hagley 1962; Griffith 1968;
Blair 1970; Oehlschlager et al. 1995; Ye et al. 2007; Magal-
haes et al. 2008). In the Neotropics (i.e., Central and South
America, the Caribbean, and parts of southern Mexico),
commercially cultivated palms and closely related landscape
arecaceous plants are affected by the R. palmarum—B. coco-
philus complex (Griffith and Koshy 1990). Tolerance to red
ring disease is not known.

Characteristic symptoms associated with red ring dis-
ease are bronze discoloration of older leaves and premature
senescence of young leaves, irreversible wilt, and premature
death of palm trees (Griffith 1987; Oehlschlager et al. 2002).
Once infected with B. cocophilus, trees may remain asymp-
tomatic for up to 2 months making B. cocophilus extremely
difficult to detect in the early stages of disease development
(Giblin-Davis 2001). This process of attraction to nematode-
infected trees and subsequent dispersal promotes the spread
of nematodes which amplifies disease incidence (Giblin-
Davis et al. 1996). Bursaphelenchus cocophilus has not
been reported from Southeast Asia, India, Africa, or North
America (Giblin-Davis 1993; Murphy and Briscoe 1999).
Bursaphelenchus cocophilus is not specific to R. palmarum,
and it can be spread by other weevil species [e.g., Dyna-
mis borassi (subfamily Rhynchophorinae) and Metamasius
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hemipterus (subfamily Dryophthorinae)] infesting palms
in the native range of R. palmarum. Should B. cocophilus
become sympatric with other Rhynchophorus spp., it could
possibly be transmitted by them (Gerber and Giblin-Davis
1990a, b; Gerber et al. 1990; Giblin-Davis 1991, 1993; Mora
et al. 1994). In addition to acting as vectors of plant patho-
gens, Rhynchophorus spp. can indirectly damage palms by
creating feeding wounds that facilitate entry by pathogens
(Gerber and Giblin-Davis 1990a, b; Giblin-Davis 2001;
Esparza-Diaz et al. 2013).

The economic impact of Rhynchophorus
invasions

Rhynchophorus spp. are a significant threat to ornamental
palm producers. California’s ornamental palm industry,
for example, contributes over $70 million to the regional
economy each year, and potential economic damage in Cali-
fornia from R. palmarum is predicted to be substantial (Hod-
dle and Hoddle 2017). Weevil-induced palm mortality can
be measured in costs to property owners and communities
(Lohr 2013; Lohr et al. 2015). These costs include expenses
for removal of dead palms, lowered property values, degra-
dation of recreational areas and urban wildlife habitat, and
potentially, expenses prophylactic pesticide applications to
protect palms from weevils. In the USA, the replacement
cost of a 10-20-m tree has been estimated to be $1600-3200
(US) per tree (Blombery and Rodd 1983), which may be
increased further depending on site access. Large mature
P. canariensis (>1 m in diameter, > 50 years) are gener-
ally preferred by Rhynchophorus spp. (M. Hoddle and I.
Milosavljevié, pers. obs.) and should be considered a prior-
ity for protection, especially if these palms have significant
heritage and economic value (see Fig. 4).

Rhynchophorus ferrugineus and R. vulneratus are key
pests in coconut producing regions of Southeast Asia. In
this area, C. nucifera dominates the rural, periurban, and
urban landscape and cultivation makes significant contribu-
tions to the local economy (Markrose 2008; FAOstat 2016).
Coconut is extensively used for food and drink, in religious
ceremonies, it provides health products, and the trunk and
fronds are used as timber and thatch. Detailed economic data
on the impact of these weevils on C. nucifera in urban areas
are not available. In India, the removal costs for avenue C.
nucifera have been estimated to be $80-100 (US) per tree
(J.R. Faleiro pers. obs.). Phoenix dactylifera is the preferred
landscaping palm species in North Africa and the Arabian
Peninsula (Al-Mana and Ahmad 2010; Al-Yahyai and Khan
2015). Ornamental P. dactylifera vulnerable to attack by R.
ferrugineus are also planted extensively in Southern Europe
and the USA (e.g., Arizona, California, Nevada, and Florida)
(Chao and Krueger 2007). This species is commonly planted
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around schools, shopping malls, restaurants, public parks,
and median strips of streets and highways (Sayan 2001).
Ornamental P. dactylifera are multi-purpose providing land-
scape beautification, shade, and small-scale commercial fruit
production for local consumption (Howard and Giblin-Davis
2008; Uddin et al. 2009; Al-Yahyai and Khan 2015).

Management: current practices and future
needs

Management of introduction pathways

Pathway risk assessments have been conducted to identify
potential routes of movement and areas with suitable cli-
mates for weevil establishment, population growth, and
spread (Ju et al. 2008; Feng and Liu 2010; Fiaboe et al.
2012; Ge et al. 2015). Transport hubs (e.g., airports or con-
tainer ports) often act as key points of entry for exotic pests
(Giblin-Davis et al. 2013; Milosavljevi¢ et al. 2017). For
example, weevils may be moved as hitch hikers in shipping
containers (Hulme 2009; Meurisse et al. 2018) or concealed
in live palms, especially C. nucifera, P. dactylifera, and P.
canariensis (Faleiro 2006). Transport of infested palms
has resulted in Rhynchophorus spp. moving long distances
into new countries or new regions within infested countries
(Fig. 5) (Al-Dosary et al. 2016).

To manage this invasion pathway, the US Department of
Agriculture (USDA) has proactively developed guidelines
for managing incursions of R. ferrugineus in advance of
detection in the USA (Bertone et al. 2010). Notably, impor-
tations of live palms into the USA are banned, including all
Phoenix spp. with the specific goal of preventing accidental

Fig.5 Rhynchophorus spp. can be inadvertently moved long dis-
tances when humans transport live palms (e.g., Phoenix dactylifera)
infested with weevils. (Color figure online)
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introductions of Rhynchophorus spp. and B. cocophilus
(USDA-APHIS 2010a, b). Strict border security practices
to exclude Rhynchophorus spp. are justifiable based on esti-
mates of economic and environmental damage which will
result should successful establishment and spread occur
(Dembilio and Jaques 2015).

Another potential introduction pathway is the deliber-
ate smuggling of Rhynchophorus spp. into a new area in
an attempt to establish populations that could be harvested
for human consumption. This hypothesis has been proposed
for the introduction of R. vulneratus in Southern California,
possibly from Indonesia where they are either harvested
from the wild or commercially farmed (Hoddle 2015). Rhyn-
chophorus larvae and pupae are a delicacy in a number of
other tropical countries in Africa, Asia, and South America
(DeFoliart 1993,1999; Cerda et al. 2001; Choo et al. 2009).

Early detection and monitoring

Rhynchophorus-infested palm trees are usually detected by
observing conspicuous symptoms such as tunnels on the
trunk and at the bases of fronds, oozing of brown liquid,
frass, and fermenting odors. Visual detection of infestations
is not always cost-effective (Soroker et al. 2013), and this
approach may be limited to detecting small populations.
Traps loaded with commercially available sex pheromones
and fermenting bait are now commonly used for early
detection and monitoring of adult weevils (Hallett et al.
1993; Jafté et al. 1993; Weissling and Giblin-Davis 1993;
Weissling et al. 1994; Perez et al. 1994, 1996; Giblin-Davis
et al. 1994, 1996; Hallett et al. 2004; Giblin-Davis et al.
2013; Vacas et al. 2013, 2014). Interestingly, there appears
to be no significant repellency or inhibition when lures for
different species are used in combination (USDA-APHIS
2014). This is beneficial as traps used in California for incur-
sion monitoring of R. palmarum can also incorporate a lure
to enable early detection of R. ferrugineus.

Monitoring of dispersing adult weevils may benefit from
changes in trapping methods such as the use of “smart” (i.e.,
traps that wirelessly relay weevil catch data in near real time
to a smart device or office computer via the cloud) and “dry”
traps (i.e., traps that lack fermenting bait and preservative
which significantly reduces setup and maintenance costs)
(Potamitis and Rigakis 2015; Potamitis et al. 2017; Al-Saroj
et al. 2017). Detection of weevil feeding activity could be
based on the detection of the chemical volatiles associated
with infested plants by trained dogs (Nakash et al. 2000;
Potamitis et al. 2009; Suma et al. 2014). Mechanical vola-
tile-based detection may also have potential for early detec-
tion if organic compounds released in response to weevil
infestations have unique chemical signatures that can be
cheaply detected and identified by field-deployed devices
(Choi and Verpoorte 2014). Equipment that identifies

acoustic signatures unique to feeding palm weevils has been
developed and field tested (Mankin et al. 2016; Potamitis
et al. 2009; Poland and Rassati 2018).

With respect to early detection and monitoring, ground
access remains a logistical challenge. For instance, native
and weedy plants may form impenetrable thickets to palms
for visual inspection of weevil infestations in wilderness
areas. Low-cost drones outfitted with high-resolution cam-
eras can be programmed to fly specific routes over areas
needing investigation, and photographic aerial surveil-
lance is a powerful and cheap way to digitally record palm
health over large areas. Sequential photo-surveillance per-
mits quantification of mortality rates and patterns of spread
(Cohen et al. 2012; Hogan et al. 2017) (Figs. 6, 7).

Insecticides, cultural control, and emerging
methods for population suppression

Insecticide applications are, at present, the most effective
method for protecting palms from attack by palm weevils.
Effective chemistries are varied. Organophosphates, carba-
mates, neonicotinoids, and phenylpyrazoles, for instance,
can be sprayed onto foliage, used as crown or soil drenches,
or injected into trunks or soil at the base of the trunk. Speci-
mens with high historical, cultural, or ornamental signifi-
cance, can be outfitted with irrigation piping that is attached
to the trunk and used to periodically deliver prophylactic
pesticide applications into the crown of the palm (Hodel
et al. 2016). An alternative strategy for using pesticides that
could be used in a highly targeted manner while simulta-
neously reducing environmental exposure is “attract-and-
kill” (El-Shafie et al. 2011; Mafra-Neto et al. 2013). The
“attract-and-kill” technique has high levels of utility in urban

Fig.6 Periurban wilderness areas drive Rhynchophorus palmarum
invasions in urban Southern California. Phoenix canariensis infested
with R. palmarum (red arrows) are the source of weevils migrating
into surrounding urban areas. (Color figure online)
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Fig.7 Low-cost drones outfitted with high-resolution cameras can be programmed to fly specific routes over wilderness areas needing surveil-

lance for palm weevil activity (red arrows). (Color figure online)

settings for Rhynchophorus spp., as pheromone and pesti-
cide are combined in an inert matrix and applied to lamp
posts, power poles, fences, and sides of buildings within and
around areas of concern. This approach may reduce the need
for high-volume pesticide applications over large areas, but
is still in development. When used together, attract-and-kill
and repellants could be used in “push—pull” management
programs for Rhynchophorus spp. which may greatly lower
insecticide use for managing palm weevils in urban areas
(Guarino et al. 2013; Dembilio and Jaques 2015).

Cultural control practices that can be used for manag-
ing palm weevils in urban areas include the rapid removal
(i.e., felling) and destruction (i.e., grinding infested parts of
trunks and chipping fronds, or burial) of infested material
(Dembilio and Jaques 2015). With respect to the removal of
infested P. canariensis, removal costs could be reduced by
removing just the infected top of the palm [i.e., the crown
and small section of undamaged trunk immediately below
the crown and all fronds (see Fig. 4c)], and spraying with
contact insecticides the cut face of the remaining section to
kill weevils attracted to it.

Diversification of the number of palm species used in
urban plantings is another strategy for mitigating damage
from Rhynchophorus spp. invasions. Phoenix canarien-
sis, which are often extensively planted in urban areas, are
extremely vulnerable to attack. Replacement of weevil-
killed palms or planting of new palmscapes in urban areas
with species of palms that are much less preferred than P.
canariensis but exhibit similar aesthetics and environmental
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tolerances should be considered. Other factors such as palm
age [e.g., P. dactylifera <20 yrs of age) are more vulner-
able to attack by R. ferrugineus than older palms. Therefore,
younger palms need greater management to reduce mortality
from weevil attacks (Shar et al. 2012)]. Two environmental
factors which affect weevil survivorship are humidity and
soil temperature (Sallam et al. 2012). Optimization of spac-
ing between palms to reduce humidity and increase inso-
lation of soilcan reduce infestation severity (Sallam et al.
2012; Al-Dosary et al. 2016). Novel methods for controlling
Rhynchophorus spp. include sterile insect technique, gene
silencing, and palm genome editing (Rahalkar et al. 1977,
Krishnakumar and Maheshwari 2004; Niblett and Bailey
2012; Mazza et al. 2016; Sattar et al. 2017).

Biological control

Various fungi, viruses, bacteria, and nematodes have been
identified as pathogenic to Rhynchophorus eggs, larvae,
pupae, or adults (see Mazza et al. 2014 for more details).
Isolates of the entomopathogenic fungus, Beauveria bassi-
ana, have been tested in the field and can kill larvae and
adult R. ferrugineus (Sewify et al. 2009; El-Sufty et al. 2009;
Dembilio et al. 2010a; Giierri-Agullé et al. 2010; Llacer
et al. 2013) with adult populations suffering ~90% mortality.
Entomopathogenic nematodes (i.e., Steinernema carpocap-
sae and Heterorhabditis bacteriophora), exhibit pathogenic-
ity under laboratory conditions toward R. ferrugineus larvae,
pupae, and adults (Abbas et al. 2001; Atakan et al. 2009;
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Saleh et al. 2011; Triggiani and Tarasco 2011; Manachini
et al. 2013). Field trials performed so far have showed lim-
ited efficacy (Mazza et al. 2014), but these can be enhanced
with co-applications of systemic neonicotinoid pesticides
(e.g., imidacloprid) (Dembilio et al. 2010b).

Classical biological control, the deliberate introduction
of natural enemies from the native range of invasive Rhyn-
chophorus spp., into the invaded area has to our knowledge
never been attempted. A promising candidate group of para-
sitoids are the tachinid flies, Paratheresia menezesi and Bil-
laea rhynchophorae, which attack R. palmarum larvae in
Brazil (Moura et al. 1993, 2006). In natural conditions, these
two species also attack larvae of other large species of palm
weevils [e.g., Rhinostomus barbirostris (subfamily Dryoph-
thorinae)] that are sympatric with R. palmarum (Guimaraes
1977). Additional knowledge on their reproductive, devel-
opmental and behavioral biology would be required to fully
understand their host specificity and potential utility for clas-
sical biological control (Lohr et al. 2015) or new association
biological control (Hokkanen and Pimentel 1984) targeting
Rhynchophorus spp. Other studies report that sarcophagid
flies, Sarcophaga fuscicauda, scoliid wasps, Scolia errattica,
and the predatory histerid beetle, Oxysternus maximus, may
have potential to suppress invasive Rhynchophorus popula-
tions (Iyer 1940; Wattanpongsiri 1966; Lohr 2013).

Eradication

Rhynchophorus ferrugineus has been successfully eradicated
from the Canary Islands (and potentially Mauritania), and
R. vulneratus from Southern California, respectively (FAO
2017a, b; Hoddle et al. 2016). The critical first step in an
eradication program is a rapid response when populations
are small and localized. For example, R. vulneratus was
eradicated from a small (23 square km area) and relatively
isolated residential (23,250 inhabitants) area of Laguna
Beach (California, the USA) at a cost of ~$1 million (US)
(Hoddle et al. 2016).

Sustained public (i.e., access to infested palms on pri-
vate land) and institutional support (i.e., funding) are criti-
cal elements of a successful eradication program (Hoddle
et al. 2016), as the available levels of expertise, technical
resources, funding and societal support determine effective
management options. Control programs do not necessarily
have to eliminate all individual weevils, but rather a reduc-
tion of the local populations to levels at which stochastic fac-
tors, such as inclement weather will make them vulnerable
to extinction [i.e., exploiting the Allee effect (Liebhold and
Tobin 2008; Suckling et al. 2012)].

Eradication programs are expensive (see, e.g., Hod-
dle et al. 2016 for economic details on the eradication
of R. vulneratus in California) and require several con-
secutive years of monitoring, pesticide treatments, and

trapping. Following eradication attempts, monitoring
may be required for an additional consecutive 3 years to
conclusively demonstrate long-term program outcomes in
accordance with internationally set standards.

Conclusions

Palm weevil infestations affect the aesthetics of infested
urban palmscapes and uncontrolled urban populations
threaten agricultural (e.g., date plantations) and natural
areas (e.g., palm oases). Accidental introduction of Rhyn-
chophorus spp. into new areas has resulted in establish-
ment and spread of these notorious palm pests in distinctly
non-native habitats. Initial incursion detections are often
in urban areas where weevils preferentially infest P.
canariensis which is extremely vulnerable to attack and
an excellent developmental host. Urban areas provide chal-
lenges for managing weevil infestations as infested palms
are often on private land which may complicate control
programs. Inappropriate management planning, poor coor-
dination between stakeholders, and public resistance to
implementation of controls can adversely affect incursion
management programs. Despite these difficulties, urban
infestations can be dealt with effectively. Eradication is
possible and success is largely predicated on strong long-
term (i.e., > 3 years) public and institutional support of the
management program (Hoddle et al. 2016). Failure to rap-
idly curb initial weevil establishment results in increasing
size of area infested and rapid population growth, which
jeopardize the success of eradication and containment
programs.
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