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1.0ummary

This report evaluates the potential for developing a biocontrol strategy for controlling insect pests in almonds. The report
reviews current literature pertaining to carob moth and carpophilus beetle biocontrol (Part one) and presents the findings

from afield survey on natural enemies of almond pests conducted in May and June 2018 in the Sunraysia region of
Victoria (Part two). Information from the review and the field survey is then synthesised and discussed, and

recommendations are made with a view tddressing knowledge gaps, additional survey work, research focus, and

prioritising next steps.

The review of the published and grey literature identified 59 species of natural enemies worldwide for carob moth. Of
these, ten species are present in Australia includifoyr parasitic waspsAntrocephalus mitysyenturia canescens
Trichogramma carveragnd Goniozus jacintgetwo predacious mitesRyemotes/entricosusind Blattisocius tarsalis a
predatory bug in the genu®rius three generalist predatorsKorficula auricularigMallada signataand Dicranolaius
bellulug and one entomopathogenic nematodddterorhabditis bacteriophoraYhe literature reports far fewer natural
enemies ofCarpophiluspecies in Australia, idengihg one wasp, the larval parasitofthisopteromalus calandraand

a few generalist predators. A parasitoid waBpachyserphus abruptubas shown some promise as a biocontrol agent

to control Carpophiluglsewhere in the world, but is not present in Australia. As this insect is a generalist (attacks a wide
range of host insects), it is unlikely to be considered for introduction into Australia (i.e. classical biological édritrel).
genus level, therevere 22 genera identified for carob moth atitree genera forCarpophilusnown in Australia. The
review also identified the potential for using entomopathogenic fungi (insect fungal diseases) and nematodes as

promising biological control candidates foreus particular againsCarpophiludpeetles.

Field survey work identified insect species present in almond orchards that would be candidates for conservation
biocontrol of carob moth and carpophilus beetlghe surveys took the form of (i) field trappiafjinsects (using passive
airborne insect trapsind sticky traps) and (ii) collection of infested mummy nuts and conducting nut examination and
insect emergence tests in the laboratory. Whilst Macquarie Island traps did not catch a significant numeectefaver

the sampling period, sticky traps caught a diversity of insect spdeield. trapping for airborne insects (sticky straps and
Macquarie Island trapscollected a greater diversity of insect species compared to mummy nut sampling, but many of
these insects were not predatory. Due to the considerable diversity of insects trapped and time and cost constraints of
the project, morphological and molecular identification was carried out to genus level (but not specigapsor
specimens. Results ohé emergence trials revealevo tentative natural enemies attacking either carob moth or

carpophilus beetle.

The report discusses the findings of the literature review and field study with a view to developing a biocontrol strategy
through conservation ivaugmentative biocontrol (classical biocontrol is also discussed, though not deemed feasible with
current knowledge of potential agents). Recommendations are made with a view to addressing knowledge gaps,
additional survey work, research focus, and ptising next steps. We recommend additional nateeaemy (emergence

test) sampling of mummy nuts and developing almond fruits (particularly at hull split) as key predatory and parasitoid



species may have been absent or in low abundance at the time of sgmflurvival of natural enemies in the field is

strongly influenced by a suitable habitat, and while it is appreciated that the economies of scale in almond production
may limit the provision of these sites, the possibility of providing an improved hdbitaatural enemies should at least

be explored. At the very least, growers and industry must be aware that these insect communities are undoubtedly
contributing to the control of pest populations, and the use of brapeéctrum insecticides will reduce ;emove these

beneficial insects, and as a consequence significantly exacerbate the pest problem.

There is a considerable opportunity to develop augmentative biocontrol (mass release of biocontrol agents) for almond
pests. Trichogrammaparasitoid releasefor biocontrol of carob moth are currently being trialled by almond growers,
and we report here on additional research that may assist in the effectivenes3rafhmgrammebiocontrol program.

This includes evaluating. pretiosumand T. carvera@ugmenttive releases, and field surveys for other egg parasitoid
species. The literature and survey identified one wasp spegigsdpochephalus mytthought to be present in Australia

(no recent recordsfhat is being used elsewhere in augmentation biologiceaitrol programs for lepidopteran pests and

could be studied as a potential for inoculative release.

Entomopathogenic fungi (EPF) have considerable potential as agents for almond pest biocontrol, and we highly
recommend this as an area of research tharmants further explorationEPF research could begin with bioassays
screening the effectiveness of different strains of the funBeauveria bassianan C. nr dimidiatusnortality, including

field efficacy trials Autodissemination (auténoculation) is a method by which diseases are spread through a pest
population by a vector, often the pest species itself. This method may prove an effective way of using EPFs to control
both C.nr dimidiatusand carob moth, where insects remain hidden within the developing almond fruit or mummy nuts.
Project AL16009 is currently developing a new attractan€fanr dimidiatu¢ & LJ- NI 2 F Fy &l GG NJ O
strategy, whichcould be used for disseminating EPFs at key times in the pest lifecycle. The use of entomopathogenic
nematodes should also be explored, and could begin with developing methods to collect, culture, and screen two species
identified in this review as beimesent in Australia; and a field survey to identify otliarpophilusttacking nematode

species in Australia.

2.0 Aims of this report

This report details work conducted by Agriculture Victorigtplorethe feasibility of developing and implementing a
biological control program as a component of an almond IPM strategy. The work was carriedaoacbmponentof

t N2E2SOG !'[mcand a!y LyGSINF ISR tRSZAI NBIEY I FRY SigebreddNIali 8IF
Thefeasibilitystudydrew on current knowledge of thbiological control of the two major almond pests, carob moth and
carpophilus beetlethrough a literature search (Part one) and conductedrasect trapping and nut sampling survey in
the Sunraysia region of Victorend Riveland of South Australig§Part two) with the aim ofidentifying potential
biocontrol agents inhabiting théustralianalmond agreecosystem.The report discusses the overall potential for
different biocontrol strategies (conservatioagmentative, classical) in almonds and includes recommendations for next

stepsand future work



3.0Background

I dz& ( Nahe bAlibn@dllaralmond industryis currently suffering from high levels of damage frimsect pestsLosses

in 2017 as aesult of the two key pests, carpophilus beetle and carob moth, were estimat&d2i million (Madge,
unpublished). Both of these pests attaddwvelopingnuts at thedhull splité stage when theycan easily enter into the fruit

and feed on the kerng(Hossain 2018; Madget al. 2015) Qurrent management strategies such as improved crop
hygiene, pesticide applications, and mass trapping stratdgge® so far proven to be ineffective at controlling these
insects, with carpophilus beetle in particular esdislg to unprecedented levetsf kerneldamage in recent yea(slossain

2018) Losses due to these insects are widely seen byalheond industry as unsustainable, and thedustry has
recognized the urgent need for the development of an effectitegratedPest Management (IPMyrogram forinsect

pests of almondghrough this current research program. Biocontrol is a fundamental component of any IPM strategy and
has been identified as a specific goal in the program (Go& better understandingf pest species and their natural
enemiey. The goal aims to address knowledge gaps in almond pest biocontrol through (i) a review of the published and
grey literatureto identify current knowledge on biocontrol of carob moth and carpophilus beetle, i§ncbfiducting a

winter field survey to identify natural enemies in Australian almond orchards. These two aims are addressed in Parts one

and two of this document respectively.

4.0 Part One Literature review exploring potential for biocontrol of almond pés

4.1 Bocontrol strategies used to control insect pests.

The use of natural enemies to reduce impactsnokrtebrate pests(biological controlhas long beemecognized aa
viablealternative toinsecticideswhose overuse isow associated with negativenvironmental ecolagical and financial
consequence In undisturbedecosystemsa suite of natural enemies (e.g., parasitoids, predators and pathogémg)
the impactof herbivorous insecpestsby maintainingtheir populationsbelowoutbreaklevels in what is termed atural
biological contralNatural biologicalcontrol of insecipestsoccursvia @mplex ecological interactiorisvolving a divers
range of species existing in equilibriufscharntkeet al. 2008. In modern agriculture this equilibrium is disrupted
through extensivanonoculture whichdecreass biodiversity in the agrecosystemMoreover, asherbivorousinsects
are more likely to find and remain on hgdfantsthat are growing in dense or pure stan@ich asnonocultures this
further increase the likelihood of pest outbrea@oot 1973).

Biological control isn environmentally sound, effective aststainable insect management optidhat is considered
central to integrated pest manageent (Orr 2009) Natural enemiesas biological control agents include predators,
parasitoids, and pathogens. Predators consume many prey during their lifetime andeimesgdtts such as lady beetles
and lacewings. Parasitoitiggelycomprise wasppeciesand some fliesvhere theimmature stages develop on or within
the pestinsect host(usually the egg or larval stagea)ltimately killingit. Pathogens areliseasecausing organisms

including bacteria, fungi, and viruseghichkill or debilitate their host and are relatively specific to certain insect groups.



Biological ontrol is generallydivided intothree slightly overlappindgechniques or categoriegonservationbiocontrol,

augmentativebiocontrol and classicabiocontrol (Eilenberget al. 2001) Each of these techniques can be used either
alone or in combinationConservation biological contrahvolves human actions aimed @totecting andstimulatingthe
performance of naturally occurring naturahemiesin the local environmen{Seastedt 2014)Unlike other biological
control strategies, conservation biological control does not require the introduction or augmentation of natural enemies.
Gonservation biocontrodimsto reverse negative effectsssociatedvith agricultural intensification on beneficial insects
that naturally exist in agricultural fieldSuch strategies may include reductiorthie extensive use of pesticideand
establishnent of beneficial habitats that provide resources such as shgkéngia) food sources (e.gectar, alternative
prey/hosts, and pollehthat are critical to the survival of locally available natural enemies (6uel. 2017) The
GDNBSYAyYy3 2| AinMeNIZéalangidt@hthINdpryvides the most successfapplication of conservation
biological control in an intensivagriculturalproduction systemln this program, aultifunctioninghabitat management
strategy usesative groundcover plants to enhancebiodiversity andconsequentlysuppression of lepidopteran pests
O2YLX SYSYUSR gAUK SHRANRZYYRFI 33 ¥ERM@) OWirny daShyg succeésp of thiRk A &

program, vineyards are actively marketing the aesthetic appeal for ecoto@diespie and Wratte@012)

Inaugmentative biological contro{ABC), natural enemies (parasitsj predators or micr@rganisms) are masgared

for release in large numbers either to obtain immediate control of pests in crops with a short production cycle (inundative
biological control) or for control of pestwhich haveseveral generationsvithin crops with a long production cycle
(inoculative biologicatontrol) Parnellet al.2016; van Lenteren 2012}.is important to distinguish between inoculation

and inundation biological control sintlee practicalapproachesnd ecological implications tfese two strategiesliffer
(Eilenberget al. 2007). In inundative release,biological control agentsieed toO2y i OG ' yR (1At |
proportion of the pest population to give economiaxtiml! before dispersing or becoming inactifigilenberget al. 2001)

The focus here itherefore on the released population and not their progemy contrast, inockative biological control
aimsto releaseselfsustaining natural enemy populatiots supportpest suppression oveseveralgrowing seasons
(Eilenberget al.2001) In this casefforts must be made to provide the biological control agents wihessary resources

to facilitatetheir multiplicationand establishment.

Augmentative biocontrols applied in manggriculturalsystems worldwides part of IPM prograsto manage pests in
fruit and vegetable crops, cereals, maize, cotton, sugarcaybesm, grapes and many greenhouse crpfas Lenteren
2003; Coclet al. 2010).As a recent examplemplementation of an ABC progralhas led tocomplete replacement of
chemical pesticideby opportunistic native predatory bugs (Hemiptera: Miridae)control aninvasivepest the South
American pinworniTuta absoluta in the Mediterranean basi(lUrbanejaet al. 2012).Another successfubRBCprogram
this time usingmicrobial agentgentomopathogens) controlled theotton bollworm,Helicoverpa armigeran Brazil. In
2012 this pest causeelxtensivedamage to corn, cotton and soy, as pesticides were not effective due to resistance
were simply not available. Emergency approvals of the entattamenic bacteriumBacillus thuringiensisnd

baculovirus products provided farmers with the only effective control method at the time (Pragsstli2015).

Classical biological contrahvolves the introduction of a biological control agent of exotic origipgamanentlycontrol

a pest,which isusuallyalso extic (invasivelHajek 2004; Van Driesce¢al.2008) ! f Y2ad +ff 2F G2RI &



based on introduced crop®specially in Australia and New Zealand. Consequently, a high proportion of important

arthropod pests in the agricultural sector tend to meroduced €xotic) (Waterhouse and SandZ001). While native

insects can evolve to become nail enemies of exati pests,n most cases this procetakesseveral yearsand the

insects danot result ineffective pest control. It is therefore not surprising thiat Australiaclassical biological control is

the mostwell documentedf all three approaches discussed aboka.example of this is provided by the parasitaigsp
Trissolcus basalithe biological control agerfor the once very widespread green vegetable biNgzara viridulaThe

bug is now suppressed by thleaspin mud of southeastern New South Wales and Victoria to the extent that it has
become an uncmmon pest (Waterhouse and Sar2l301).The BIOCAT database records all deliberate introductions of
insects for biological control of insect pests since the 1890s. &aik(2016) recently updated BIOCAT to indicate that
classical biological control has led to the partial or complete control of at least 226 invasive insects and 57 invasive weed

species worldwide since 1888.

4.2 Implementation of biocontrol into IPM

Thedifferent biological controbpproaches described abowan successfullgontribute to suppression dghvertebrate

pests in modern agricultural systertgough an effective IPM strategioweverall three approachesrawon a number

of complexecologtal andbehavioralprocessesvhich, if not well studied prior to program implementatipmay present
unsuccessful results (Tscharntgeal. 2016 ChaplinRKrameret al. 2011; Vereset al. 2013. If biocontrol options are
explored without sufficient scientific depth or rigor they can fail unnecessarily, representing a considerable waste of time
and resourcesBiocontrol research needs to encompass itthentification ofeffective natural enemies arttie resources

they require to be successful (Guet al. 2017).Protocols specific to each approacuch asaugmentative biological
control (Coclet al.2010)andclassical biological control (Kerisal.2017)have been developedbut the general stepige

process ishown in Figure 1.
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Figure 1. Generatd schematic summary of the stepwise process followed while developing and implementing a biological control

program. Figure provided by John Holland (Farmland ecology, Game & wildlife Conservation Trust, UK).

4.3. Biocontrol of carob mothin almonds

The carobmoth, Ectomyelois (Apomyelois) ceratoniae Zeller (Lepidoptera: Pyraigkaeighlypolyphagouspestof fruit

and nut cropsreported to attackup to 43 plant speciesacrossl8 plant familiesThe worldwide list obusceptible hosts

includes twentyone species of economic importandbe susceptiblehostsbeing orchardspecieswith families such as

Fabaceae and Rosaceae (to which almonds belong) being thesosastptiblgPerringet al. 2015).In Australia the pest

is known to attack carob, almonds, oranges, apples, figs and pomegranates although carob beans and almonds are
considered the major host fruitdadgeet al. 2015). Native to the Mediterranean, carob moth is currently distributed
widely throughout 58 counties of the world (Perriegal. 2015). It is unclear when this insect was introduced in Australia,

where it is now widespreachowever a report by Michael (1968) skibes the carob moth as a pest of economic

importance limited to almond crops and only occasionally attacked other fruits in Western Australia.

In almonds, economidamage is caused lmarobmoth larvae feeding omlmondkernels, which renders nutmsuitable

for salethrough direct damage and the indirect spreadurigal infectiors (Madgeet al. 2015). Damage caused bsarob

moth larvae also negatively impaotxport of susceptible hosts due to phytosanitary restrictifvian Achterbergt al.

2017).In almonds, the species is multivoltine, completing at least three generations each year in the Australian almonds

growing regios (Madgeet al. 2015). Adult moths emerge from overwintering pupae in spring, in a generation that

extends from early/mieSeptember until early December. Fematethsin this generationay their egggoviposit)on



inner hull, shell or exposed kernel miummy nuts(Gothilf 184, Madgeet al. 2015). The second generatidmegins to

emergein mid-December and lasts until early Februamith oviposition occurring on mummy nuts and néwll-split
fruits. On new fruits, ggs are inserted into the splitting portion of the almadmdll, and hatching larvaeoncealed in the
fruit, feed on the inner hull, outer shell and kernpgssing througfiive larval stages before pupating usually within the
fruit (although some pupate in tree crevices or on the grouiithethird generation emergeffom mid-Februaryto late
April and oviposits on mummy nuts and new crop nuts that have not yet been harvestédtaiemain on trees after
harvest Evidence of a fourth generation of moths emerging from late April to Late May is sometime&ggsraid on
mummy nuts or residual new crop nuits mid-late Autumn develop into larvae that will overwinter in the nudsd

emerge as the next spring generation.

9 Natural enemies as biocontrol agents

As this cosmopolitan species is a pest of many crops in many countries, a wide rargjaralf enemiesincluding
parasitoids, predators and entomogaigenic hematods have been reportedn published reviews (e.g. Nay 2006,
Madge 2013, Perringt al. 2015, Madgeet al. 2015, Memariet al.2016). Here, we have summarized this information in
easy to read tablesSgection 4.5Tables1 and 2, whichcover59 species of natural enemie48 hymenopterans(parasitic
wasps) two dipterans (parasitic flies)three acari (predacious and parasitic mite)ree hemipterans (predatory bugs),
and three nematodes (entomopathogenic nematodespmong the 48species ofparasitic wasps identified, onkyo
(Antrocephalus mityandVenturia canescefareknown tooccurin Australigalthough the occurrence &. mityscannot

be confirmed due to lack of recosdf this species in thaustralian Plant Pest Database (APHAB) of the parasitic wasp
species belong to genera that currentlp not occurin Australia while 36 belong to genera known to be present in
Australia(Table 2)None of the parasitifly taxa(both genus and species) occur in Australia, twiheforedacious mites
are present and none of thentomopathogenic nematodspecies are presenthus manybiological control agentfor
carobmoth in other countriego not occur in Australialn addition,Madgeet al. (2015) reported the collection ofthe
parastic waspsTrichogramma carverddrom carob moth eggand Goniozus jacintaérom lepidopteran larvae (most
likely carob moth)poth in almonds fromAustralian orchards A predatory, bugin the genusOriusand several other
predators such as European earw{gerficula auricularig geen lacewingdMallada signatdand the red and blue beetle

(Dicranolaius bellulysvere also observed in Australian almond orchards

Despite the high diversity of arthropod natural enemies associated witltéin@bmoth, adoption ofbiocontrol control
programsin almond growing regionis limited to a few example€thilf 1969, Gothilf 1978, Gothilf 1984Ihe use of
the eggparasitoid Pentalitomastix plethoricysesulted in 1215% parasitisnof carob moth eggs in Isragbothilf 1978).
Massreleasing of parasitoid speci€oniozus legne(up to 32,000 adults)ICopidosomopsis plethori¢ap to 3.5 million
adults) andDiadeggmaspeciegabout 1500 adultsinto almond plantations itsraelhave also been used tmntrol carob
moth, with parasitism rate of abou0.8% and 9%ecorded forG. legnerandC. plethoricaespectivelyDiadegmavas

not recovered one year after theelease presumably due to the relatively small number of adults releadehdegma

1 Recent molecular work in Project AL16009 has drawn into question whether this speiesugeraer T. pretiosum
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is also reported to attackcarob moth in almonds in Australjaalbeit at low densitiegDr. E.F. Legnédniversity of

California, personal communication in Gothilf and blat987).

Wherethe success afarobmoth biological controls considered across all host crofise highestrate of parasitisiof
carobmoth eggswvas reportedusingTrichogramma cordubengi§4%) followed byPhanerotoma fivitestaceg50%) and
Trichogramma embryophaguiid %6) (Perringet al. 2015) Although these particular species do not occur in Aal&iy
closely related specielselonging to theTrichogrammaand Phanerotomageneraare present T. carveraea species
already associated with almds in Australia is reared for mass releases against a ranigpidbpteran pestsand is
commercially available in Austrdii&ield releases off . carveraén Australian almond orchards control thecarob noth

are being performed inconjunction with project AL16009, through collaboration with mass release trials initiated by
growers Further fieldwork surveying specifically for egg parasitoids of carob moth {egghogramma is highly
recommended, both within almond orchards and ettcarob moth crop and neorop hosts to determine if a more
suitable species might be locally preseitspecies obiadegmaDiadegma semiclausumisedto a control cruciferous
(cabbage familypest, the diamondback mot{iPlutella xylostelly isalso commercially available in Australia. Laboratory

and (if promising) field screening trials to evaluate the potential for inundative release of this agent are recommended.

The efficacyof carobmoth biological control agentmay depend orthe host plant (crop)that is being targeted For
example,Pentalitomastix plethoricusvas releasednto almonds and carob plantations, andeaf several years, the
parasitoids wererecovered inalmonds but not in carobgPerringet al. 2015) Multiple factors can influence the
establishment of the biocontrol agents, including nutrition, presence of predators, microclimate, and cultural practices.
The ltost plant itself can have a direct influence on parasitoid surviiidhogrammaembryophagunreared oncarob

moth eggs collected frm apples alus pumild were nore than twice as effective (45% compared t8d)%s parasitoids
reared onmoth eggs collected from other plantBarasitoid species maglsodiffer in their effectivenesén different

areas ofan orchard in dates,Habrobracon hebetowas moreeffective in dates on theground, whilst Phanerotoma
ocularishad higher rates of parasitism in date buncl{Egrringet al. 2015) This highlights the importance afrobust
researchprogram associated with biocontrol agent selection, release and evaluation, which is tailored to both the pest

(host) being controlled, the host plant (crop) being attacked.

1 Bacillus thuringiensiand other pathogentor biocontrol

The bacteriunBacillughuringiensigBt) has been evaluatefbr carobmoth control (seePerringet al. 2015).Whilsthigh
mortality was observedh laboratoryconditions efficacyoften failedin thefield. Highrates ofmortality (958%) of fourth
instar larvaewere recordedin laboratory conditionsusing a highconcentrationof bacterialcells but unfortunately
mortality was much lower at rates that would be practical for field dddest field efficacy was a82% controlin a trial

on pomegranatesachieved after four applicationds with natural enemies, crop specific effects may influence efficacy
of Bt. h navel oranges53% control withB. thuringiensissubspecieskurstaki was achieved however indates, B.
thuringiensissubsp. kurstaki had little impact on the densities otarob moth larvae. Insecticidal activity of the

biosurfactant of Bacillus subtilisvas found to be effective forcarob moth control. A report of microsporidian

11



(microsporidia) found in thialpighian tubules ofarobmoth collected from walnutshada 48% infectiorrate in larvae,

pupae, and adult mothsHowever, there was no further work to develop this pathogen as a biological control agent
(Perringet al. 2015)

4.4, Biocontrol of carpophilus keetle in almonds

1 The importance of identifying Carpophihesardimidiatus.

The taxonomy of theCarpophilusspecies that iscausingdamage to almonds in Australia is currently ungay. This
difficult process began with morphological and molecular work previousproject (Hort InnovationAL15004; Hossain
2018) together with expert international dpion. Agriculture Victoria haveemporarily namedhis insectCarpophilus
near dimidiatus, because ofits morphological similaritand close genetic identityo Carpophilus dimidiatugHossain
2018) However, Agriculture Victoriataxonomists are confident that this almond pest species, while similanptis
Carpophilus dimidiatusFurther taxonomic resolution is currently underway, which requires obtaiméigrence
specimens of nuaittackingCarpophiluseetles from other countrie (such agarpophilus truncatyshat may be the
same species, and then conducting molecular identification on these insects. Conseqitetly, Knownabout the
origin, ecology, and behavior @ neardimidiatus including natural enemies ardiseases that affect this insect within
Australia and elsewhere in the world. Knowing the worldwide distribution, and in particular native origins, of this insect
would be a crucial step in developing a biocontrol program, as the biocontrol agents sgettificinsect are most likely
to occur in the pests native home rangéonsequently, thiditerature searchfocuseal on published information on
biocontrol of otherCarpophiluspeciesyith the aim of assimilatingnowledgethat may assist in developirsgbiocontrol

program forC nrdimidiatus

91 Natural enemies of Carpophilus species

Carpophilus beetles belong to the Nitidulidéamily, commonly known asap beetles souring beetles or simply

d OF NLJ2 LIK A fThigst speciesSofCdrg®ghilusare considered serious pesimrldwide (Baiet al. 2017). Chemical
control of Carpophiluspecies iparticularlydifficult due to the cryptic behavior of both adults and larvae (Williatel.
1992) which are often concealed within their idsuit (including nut crops)in southern Australiscarpophilus beetles
such a<C davidsonj C.hemipterusand C mutilatesare pests of stone fruit. These species attack and feed on ripening

fruit, which can result isubstantial fruit losses (Jamesda¥ogele 2000).

There is surprisingly little published information on biocontrol of carpophilus beetle, or on natural enemies of these
insects.Emekei and Moore (2015) providaecent review of parasitoids and predators@érpophiluspecies. Further

than that, a review by Williamet al. (1984) describes hymenopterous parasitoids that attack beetles of the Nitidulidae
family (to whichCarpophilushelongs).One Nitidulidae paasitoid, Brachyserphus abruptus being used to manage
Nitidulidae pess worldwide, but not in AustraligWilliamset al. 1992).In the USAB. abruptuseduced the number of

Nitidulidae larvae by 184 strawberry farmgWilliamset al. 1995). This spées also parasitised sap beetle larvae in

12



sweet corn (Emekei and Moore 2015). In laboratory studies in the B.S#ruptus were successfully reared dhree

CarpophiluspecieqC.hemipterus C. freemaniC. lugubrisand six other insect speciekield collections d8. abruptus
were also made fronC. hemipterusC. lugubrisand four other speciesThis parasitoid does not exist in Australia
however. Given its lack of host specificity, would be highlyunlikely to be consideredand approvedyor classical

biological control ofZarpophiluspeciesin Australian almonds.

In Tablel, we presentinformation on parasibid wasp species(Hymenoptera) thathave been shown tattack
Carpophilusspeciesaround the world (collated from Williamst al. 1984). Of these, only the pteromalid wasp,
Anisopteromalus calandraexists in AustralidAnisopteromalusalandraeattacks late larval stages and early pupae of

beetles residing inside seeds and cocoonb{ter et al. 2006).

Vertebrate frugivoresnay also contribute to theontrol of Carpophilusn orchards particularly if they arattracted to
(andprefer) fermenting fruits whichinclude thosenfested with larvaeln almonds, fallen mummy nuts that remain on
the ground after harvest are a rich source of food and shelteronr dimidiatusand carob moth, enabling pest
populations to survive (and escalate) between growing seasons. Feedfnggiworous vertebrates particularly flocks

of birds such as crowsockatoos,galahs and regent parrotffrequently reported by growers), and even emus (as
observed by the authors of this revievganlead to substantial reduction of mummies, and thus contribute significantly

to improvedorchard hygienend pest contro(Emekei and Moore 2015).

1 Entomopathogenic Fungi (EPF)

Entomopathogenic fungi (EPF) have considerable potential for use as biocontrol control. ader#s microbesaturally
occur in soils throughout the worjdcting as parasiteand diseasesf arthropod species. Indee&PF are the most
abundant type of microorganisms that infect inseatgth approximately 60% of insect disead®msngcaused bythese
fungal pattogens(Faria and Wraight, 2007EPFcan directlyinfect insects by penetration of their mycelium into the
insect cuticle The fungi then grow in the haemocoel of the attacked insestentuating inrdeath (Pedrinit al. 2007;
Gabartyet al. 2014). Deadrisects act as sources of furthemfyal infestationswith fungal myceliungrowingoutward

and then sporuldahgon the outercuticle(Wakefieldet al. 2013).

EPF in the generd&Beauveria, MetarhiziurandLecaniciliumhave been commerciallyjused in agricultureas
mycopesticidesproducts based on living fungal propagules intended to control pests through inundative or inoculative
applications (Faria and Wraight, 200%&) strain ofBeauveria bassianhas recently been registerad Australia for use
against thrips, whiteflys, aphidand mites(APVMA, 2018)This particular strairBeauveria bassianstrain PPRI 5339)
was isolated from larva dhe tortoise beetle,Conchyloctenia punctat@Coleoptera: Cassidinae) and can attatkeo
beetles such théeucalyptusnout beetleGonipterus scutellatuAPVMA 2018). rother strain of Beauveria bassiana
(strain AF4), from the USAwas reported to cause 90% mortality of adGlrpophilus lugubriseetleswithin three days

of exposuren field studiegDowd and Vega 2003Jhis review found no record of these ofB. bassiangor any other
mycopesticide) for control abther Carpophilugpests,nor field studies on anZarpophiluspeciesin Australia which

representsan important knowledge gap in a potential new control technology for this pest.
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Adoption of EPHor insectpest management remains relatively low (Skineeal. 2014).Anumber of constraints may

be responsible for the low adoption ratésee Sinhat al.2016), including) the short sheHlife of viableinoculum,ii) the
lagperiod (Z,3 weeks)that is generallyequired to kill the target insectsi) Incompatibility vith other IPM tacticssuch
as useof fungicides and arthropod biological control agents) EPFsensitivity to environmental (especialtjimatic)
conditions such as relative humidity and UV liglaind (v) suitability for mass culture andvailability of commercial

formulations.

Entomopathogenic fungnave recently been developeas plant endophytes This has the advantage offercoming
climaticobstacles such as susceptibility to ultraviolet (UV) light and low moi¢dadger and Ownley 2018; Vegal3).
EPF camot only survive in host plants but play critical rolaendophytism, plant disease antagonism, plant growth
promotion, and rhizosphere colonizatigiega 2008)EPFould beinoculated directly into host plants to protect them
against psts. Various inoculation techniques (e.g., foliar sprays, soil drenching, seed soaking, injeetiensgen
developedto introduce EPHnto plants. Inoculation of beneficial EPF has been so far attempted in-gight plant
species in 19 familie@/eq, 2018) and could be explored further aspassiblepest managementool for Carpophilus

beetles inaAlmonds.

1 Entomopathogenic Nematodes (E§PN

Nematode species in more than 3@milies areassociated with insects and othavertebrates (Kaya an8tock1997).
The major focus of research and development has been on nematode specses/énfamilies, Mermithidae,
Tetradonematidae,  Allantonematidae, Phaenopsitylenchidae, = Sphaerulariidae,  Steinernematidae, and
Heterorhabditidae through their potential applicationas biological control ampts of insects (Kaya and Stot$97).
Indeed, several (EPNBave beenused to control severaspecies of agricultural pest&éorgis 2006). Commercial
successes are documented in crops such as ciligp(epesroot weevil) (McCoyet al. 2002), greenhouses and
glasshouses (black vine weevil) (van toal. 2006). Thejuvenile nematodesinfect insect hostsby penetrating the
hemocoelthroughmechanical and enzymaiiction Shortly after entrynto their host,the nematodes release symbiotic
bacteriaand togetherovercome thehostimmune system, which rapidly leads to deatfihe nematodes feed upon the
rapidly multiplying bacteriagach sexuahaturity, mate, and produce two or more generat®within the insect cadaver

before emerging as infective juveniles in search of fresh hosts (Glhakr1999).

EPNs have potential for biocontrol@&rpophilusn almonds Steinernematid andheterorhabditid nematodes have been
found to effectively redce sap beetle larval populations in laboratory trials and the field (¢ega 1994; Glazeet al.
1999).Steinernema riobravisvhich is distributed throughout North, Central and South Amereaised high mortality
suggesting that commercial produa§this nematode could potentially be used agai@strpophiluspeciegVegaet al.
1994).Table 5 summarises information on EPNs that attack nitidulid beetles. Importantlgpeaies ofteinernematid

(S. feltiaeand S. glaserare present in Australia (Table 5). Field tests with four strairtsetérorhabditisapplied at the
rate of 100 infective juveniles (1Js)/éim a date palm orchard in Israel failed to suppress adult emergeridetafmeralis
while a similar test appliedt 75 and 150 ljs/ctin a fig orchard yielded a reduction in adult emergence at both
concentrations by 570%. A mermithidnematode parasitdexamermisp., which can induce infection rates of up to

89%, was found promising in controlling adult dusky Beetles,C. lugubrisin strawberry fields. Howeveasthese
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nematodes are difficult to mass produceonservation methodsmay be more appropriate for mermithids than

augmentation (Emekei and Moore 2015).
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4.5 Tabulated information on biocontrol agents for carob moth and carpophilus beetles.

Tablel. Parasites and predators that have been reported to attacé&rob moth in the published literature, including species kown to be present in Australieen text f) indicates
species occurring in Australia; blue text (¥*) = genus present in Australia.

Order Family Species Distribution and description Additional notes Literature source
HYMENOPTER| BETHYLIDAE Goniozus gallicolaFouts Israel: egg parasitoid Parasitisation o€arobmoth on Neunzig 1979 cited in Perrieg
acacia pods was extremely low | al. 2015; Gothlif 1969
GoniozuslegneriGordh Israel: eggarasitoid Up to 30.8%parasitisation Aleosfooret al. 2014
Gothilf and Mazor 1987
Zaviezcet al. 2007; Ehteshamét
al. 2013 cited in Perringt al.
2015
Gonioziusemigrata (syn. Hawaii: egg parasitoid Bridwell1919a cited in Gothlif
Perisierola emigrateRohwer 1969 Thompson 1946;
Zimmerman 1958 cited in Perring
et al.2015
BRACONIDAE Apantele$angaleti Iraq: larval parasitoid Al Maliky and Al Izzi 1990 cited ir

Muesebeck

Delvareet al.2011

Apanteles lacteusNees

Israel:larval parasitoid

Gothlif 1969

Apantele laspeyresiella
Papp

Larval parasitoid

Norouziet al.2009 cited in
Perringet al.2015

Apantele$ myeloenta
Wilkinson

Turkey, Cyprus, Iran: larval
parasitoid

41-77% relative frequency of
parasitoid specieA. myeloenta
was the most prevalent species
among the collected parasitoids
in this 2-yearstudy.

KishaniFarahanget al. 2012;
Farahanket al.2012; Farahani anc
Goldarsaz 2013

Anon 1953 cited in Gothlif 1969
Haeselbarth 1983 cited in Delvar

et al.2011
Highest rate of parasitism (6.8%| Sobhanket al. 2015
Apantele$ sp. Israel, Cyprus Found in small numbers on Gothlif 1969

carobs

Anon 1953 cited in Gothlif 1969

Apantele$ ultor

Iraq:larval and pupal parasitoid

10¢ 50% of host larvae
parasitised. Most dominant and
widely distributed parasite dt.
ceratoniaein Iraq.

Al-Maliky and Alzzi 1986

Al-Malikyet al. 1988
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Ascogastersp.

Iraq: pupal parasitoid

Small numbers ooarobmoth,
collected from pomegranate.

Al-Maliky and Alzzi 1986

Habrobracon hebetor
(Say)(synonym&racon
hebetor Say, Habrobraconh
brevicornisesmael)

Note:

This species is found on the
AFD species list (ABRS 200
asBracon hebetoBay. There
are some records of
Habrobracon hebetan
Australia according to the
APPD but it is not clear
where those specimens wer
collected in Australia and
could not find liteature to
supportits presence in
Australia.

Larval parasitoid

Morocco, Cyprus, Iran: larval
parasitoid

Found in small numbers on
carobs

14- 43% relative frequency of
parasitoid species, over 2 years.

Small numbers osarobmoth,
collected from pomegranate.

B. hebetopreferredEphestia
kuehniellaZeller (Lepidoptera:
Pyralidae) oveApomyelois
ceratoniaeZeller (Lepidoptera:
Pyralidae).

Gothlif 1969
Thompson 1946 cited in Gothlif
1969

KishaniFarahanget al. 2012

Anon 1953 cited in Gothlif 1969
Al-Maliky and Alzzi 1986

Boukaet al. 2001 cited in Delvare
etal.2011
Saadakt al. 2014, 2016.

Bracori lactusWesmael
(MediouniBenJemaa 2005

Cited in Madge 2013

Bracori mellitor Say

Larvalparasitoid

Nay 2006
Bridwell 1919b; Thompson 1946
cited in Perringet al. 2015

Chelonussp.

Larval parasitoid

Farahankt al. 2010c cited in
Perringet al.2015

Hypomicrogaster
suffolciensidMorly

Larval parasitoid

Cited in Madge 2013

Bracor melitor (syn.
Microbracon pembertoni)
Bridwell

Hawaii:larval parasitoid

Bridwell 1919b cited in Gothlif
1969

Zimmerman 1958 cited in Perring
et al. 2015

Phanerotomacarobivora South Africalarvalparasitoid Mean percentage of parasitism | Van Achterbergt al.2017
van Achterberg and varied 230% between host
Thackeray plants and sampled localities.
Study on Citrus and Pecans.
Phanerotoméadentata IsraelCyprus: larvatarval Thompson 1946; Anch953 cited
Panzer parasitoid in Gothlif 1969

Aubert 1966 cited in Delvaet al.
2011
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Phanerotomaleucobasis
Kriechbaumer

(Syn. Phanerotoma
flavitestaceaFischer;
Phanerotoma ocularigohl)

Egypt, Moroccolsrael egg
parasitoid

0 to 37.7% parasitisation in
carobs.

Gothlif 1969

Gothlif 1978

Madkouri 1978; Biliotti and
Daumal 1970; Daumat al. 1973
cited in Perringet al. 2015
DoumandjiMitiche and
Doumandii

1982 cited in Perringt al.2015
Boukaet al. 2001; Mesbatet al.
1998; Gothilf 1969b, respectively
cited in Delvarest al. 2011
Khoualdicet al. 1996; Boukaet
al. 2001 cited in Perringt al.
2015

Phanerotomasp.

Iraq:larval parasitoid

Small numbers ogarobmoth,

collected from pomegranate.

Al-Maliky andAKlzzi 1986

Thompson 1946 cited in Gothlif
1969

Rhogas testaceuReinch
(Spinola)

Cypruslarval parasitoid

Anon 1953 cited in Gothlif 1969

CHALCIDIDAE

Antrocephalus mitydValker
(synonymsHalticella mitys
Walker,Stomatoceras
bergeraciGirault)

Note: Stomatocerus
bergeraciwas recorded in
Australia in Girault 1921 and
is recorded in the AFD. But
there are no records of
Antrocephalus mityrom

the APPD.

Israel larval andpupal parasitoid

Found in small numbers on
carobs

Gothlif 1969

Girault 1921

Brachymerisp. Iraq: pupéparasitoid Small numbers onarobmoth, Al-Maliky and Alzzi 1986
collected from pomegranate.

Brachymeriaaegyptiaca Israel Found in small numbers on Gothlif 1969 AFMaliky and Alzzi

Masi carobs,collected from 1986 Masi 1931 cited in Delvare

Iraq: pupadparastiod

pomegranate.

etal.2011

Brachymeriaceratoniae

Delvare

Pupd parastiod

Delvareet al.2011 cited in
Perringet al.2015
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Proconura persicRelvare

Pupal parastiod

Delvareet al.2011 cited in
Perringet al. 2015

Psilochalcis ceratoniae
Delvare

Pupal parastiod

Delvareet al.2011 cited in
Perringet al. 2015

ENCYRTIDAE Copidosomopsiplethorica | Israel eggparastiod 2 to 3 yeardollowing release in | Gothilf 1978; Gothilf and Mazor
Caltagirone almonds parasite found 1987

established with 1215% total

emergence.

- In carob plantations, 3ut5

years after release parasitoitbt

recovered.
EULOPHIDAE Pedobiusp. Larvalparasitoid Cited inMadge 2013
FORMICIDAE Pogonomyrmex californicus | USA Californialarvalpredator The predation otarobmoth by Nay and Perring 2005 cited in

(Buckley)

the native ant species in the US4
has been recorded, the Californi
harvester antpP. californicus.

Perringet al.2015

SolenopsisaureaWheeler

USA Californialarvalpredator

The predation otarobmoth by
the native ant species in the US4
has been recorded, the fire agt
aurea.

Nay and Perring 2005 cited in
Perringet al. 2015

ICHNEUMONIDAE

CampoplextumidulusGrav.

Iran: larvd parasitoid

6 - 12% relative frequency of
parasitoid species, identified
from one site (out of 3) ove2-
yearstudy.

KishaniFarahankt al. 2012

Diadegma sp.

Larvalparasitoid

Known natural enemy afarob
moth at low densities in
Australia.

Gothilf and Mazor 1987.
Gothilf 1969a; cited in Perriret
al. 2015

Diadegma oranginator
Aubert

Egypt Israel

Aubert 1964 cited in Delvaet al.
2011

Aubertet al. 1984 cited in Delvare
etal.2011

Herpestomus arridens Israel larvalparasitoid Parasitisation on acacia pods wg Gothlif 1969
Gravenhorst extremely low
Pristomerusvulnerator Israel larvalparasitoid Found in small numbers on Gothlif 1969

Panzer

carobs

Temeluchadecorate(Grav.)
Cremastinae

Iran: larvalparasitoid

3-22% relative frequency of
parasitoid species, ovéxyear
study.

KishaniFarahankt al. 2012

Venturia canescens
(Gravenhorst) (synonym
Nemeritis canesceis

Iraq, Israellran: larvalparasitoid

3-29% relative frequency of
parasitoid species, ovexyear

study.

KishaniFarahankt al. 2012
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Note: Records of this specie
in the APPD and ALA. Also
listed in the AFD.

Aubertet al. 1984 cited in
Delvareet al. 2011

Al-Maliky and Alzzi 1986 cited in
Delvareet al.2011

PTEROMALIDAE

Anisopteromalus calandrae
(Syn. Anisopteromalus molli
RuschkaPteromalus
calandraeHoward;
Neocatolaccus australiensis
Girault;Pteromalus oryzae
Cameron)

Note: Records of this specieg
are found in the APPD (from
NT and Tas). Also listed in tf
AFD.

Israel larvalparasitoid

Found in small numbers on
carobs

Gothlif 1969

TRICHOGRAMMATIDA

Trichogrammasp.

Israel egg parasitoid

Hundreds ottarobmoth eggs
were collected in carob
plantations, only three of these
eggs were parasitised by
Trichogrammasp.

Gothlif 1969

Trichogrammaéabourarachae
Pintureau and Babault

Tunisiaegg parasitoid

Pomegranate

Collected ork. ceratoniaeggs in
the field. No parasitism under
laboratory conditions.

Herzet al.2007
Ksentiniet al.2013

Trichogrammabrassicae
(Bezdenko)

Iran: egg parasitoid

Pomegranate

MassproducedTrichogramma
brassicagBezdenko) began in
Iranianpomegranate orchards in
the 1990s but have not yet had
satisfactory effects.

Moezipour and Shojaei 2008 cite
in Mirjalili and Poorazizi 2015
Poorjavackt al. 2011

Trichogramma cacaeciae
Marchal

Tunisiaegg parasitoid

Pomegranate

Date palms

Collected ork. ceratoniaeggs in
the field. T. cacoeciaaccepted
eggs of. ceratonia@inder
laboratory conditions.

Herz and Hassan 2006
Pizzokt al. 2005
Ksentiniet al.2013

Trichogrammacordubensis
Vargas and Cabello

Algeria,Morocca eggparasitoid

64% parasitism rate

Herzet al.2007

Idderet al. 2013 cited in Perring
et al. 2015.
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Trichogramma
embryophagunHartig

Iran:egg parasitoid

Pomegranate

The Qum strain of.
embryophagunwas the most
promising candidate to be
considered as a biocontrol agen
againstE. ceratoniae

Poorjavackt al. 2014

Mirkarimi 2000; Doumandi
Mitiche and Doumandiji 1982;
Doumandji Mitiche and Idder
1986; Karamét al. 2011 cited in
Perringet al. 2015

Trichogrammaéaevanescens
Westwood

Tunisiaegg parasitoid

Iran: egg parasitoid

Collected ork.ceratoniaeeggs in
the field.T. evanesceraccepted
eggs ofE. ceratonia@inder
laboratory conditions (but to a
lesser extent than T. cacoeciae),
Pomegranate

Ksentiniet al.2013

Poorjavackt al. 2014

Trichogrammaoleae
(Voegele & Pointel)

Tunisiaegg parasitoid

Collected ork. ceratoniaeggs in
the field. No parasitism under
laboratory conditions.

Ksentiniet al.2013

Trichogrammaprincipium
Sugonyaev & Sorokina

Iran

Pomegranate

Poorjavackt al. 2011

DIPTERA TACHINIDAE Clausicella suturatRondani | Southern Europdsrael larval Internal solitary parasite Gothlif 1969; Gothlif 1978
parastiod 0 to 29.2% parasitisation in
carobs.
Parasitisation on acacia pods weé
extremely low. Kugler and Nitzan 1977
Farahankt al. 2009 cited in
Perringet al.2015
Fischeria bicoloRobineau Larval parastiod Farahanket al.2009; 2010c cited
Desvoidy in Perringet al.2015
ACARI ACEOSEJIDAE Melichares tarsaliBerlese Egg predator Cited in Madge013
(oophage*)
BLATTISOCIIDAE Blattisocius tarsaligBerlese)| Libya egg predator Bitawet al. 1988 cited in Perring
et al.2015
PYEMOTIDAE PyemotegPediculoides Israel:larvd parasites Parasitisation on acacia pods wg Gothlif 1969
ventricosusNewport extremely low (two instances
feeding oncarobmoth larvae).
Only one larva parasitised by thg
mite in citrus.
HEMIPTERA | ANTHOCORIDAE BuchananiellacontinuaB. Predators Cited in Madge 2013
(oophage)
Cardiasthetus fasciiventris | Predators Cited in Madge 2013

Garb. (oophage)

21



Cardiasthetus nazarenus

Reuter (oophage)

Predators

Cited in Madge 2013
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Table2. Entomopathogenic nematodes (EPNS) used as biological coagiehts against the carob motiGreen text f) indicates
species occurring in Australia

Nematode species

Mortality Rates

Additional notes

Literature source

Heterorhabditis bacteriophora

LC50 value of 426.92 1J/lan
(low virulence)

Laboratorytrial-2cm diameter
plates.

Memariet al. 2016

Steinernema carpocapsae

76.5%; LC50 value of 2.05
1J/larva

26.65% mean mortality rate

Laboratory trial2cm diameter
plates.

Field test, inhibitory/repellence
effects in the field of saprophytic
fungiwithin the infested
pomegranates.

Memariet al. 2016

Steinernema feltiae

79.75% Mortality Rates;
LC50 value of 2.02 1J/larva

10.89% mean mortality rate|

Laboratory trigdl2cm diameter
plates.

Field test, inhibitory/repellence
effects in the field of samphytic
fungi within the infested

pomegranates.

Memariet al. 2016
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Table3. Parasitoid waspsHymenopter) of Carpophilus spcies Extractedrom (Williamset al. 1984). QGeen text () indicates speciesccuringin Australiaplue text ¢) = genus present

in Australia.
FAMILY Genus species Plant and lost insect species Distribution and additional notes Literature source
BETHYLIDAE Pseudisobrachium foutsi (Syn. Dried fruit beetle: Carpophilus USA Cotton and Good 1937; Fouts
Pseudisobrachium flavinenfsuts) |hemipterus 1928; Simmonst al. 1931 (cited in
Williamset al. 1984);Azevedo
2008.
BRACONIDAE Peristenus nitidus (Syklicroctonus | Strawberries and other fruitSap |USA:Adults Parasitoidaere Blumberg 2008
nitidulidisLoan) beetles,Stelidota geminatgSay) |introduced to Israefrom the USA
No evidence of their establishmen| Connell 1980; Weiss 1979; Weiss
was ever recorded. and Williams 1979a; Weiss and
Williams 1979b; Weiss and
Williams 1980; Weisst al. 1978
(cited in Williamset al. 1984)
ENCYRTIDAE Cerchysiellaabilis(Syn.Zeteticontus | Carpophilusp., Chemipterug(L.) Australia, Central America, De Santis 1964, Ghesquiere 1951

abilisSilvestri)

Eritrea, Europe, Ghana, Hawaii
Kenya, Pakistan, South America
Seycheles, West Indies

Silvestri 1915; Thompson 1943
(cited in Williamset al. 1984)

Cerchysiellainsularis(Syn.
Zeteticontus insularisloward)

Lobiopa insulariéCastelnau)
Carpophilusp. andseveral
Nitidulid larvae

Argenting DominicaGrenadaJSA
Trinidad

Bennett and Baranowski 1981; De
Santis 1964; De Santis 1967; Koz
1971; Noyes 1979; Parkeral.
1953; Subba Rao 1972; Taniguch
1977; Yaseen 1976 (cited in
Williamset al. 1984)

Cerchysiellautilis (Syn. Zeteticontus
utilis Noyes)

Carpophilus hemipteruand
Carpophilus mutilatus

Carpophilus hemipterus

Israel:larvalparasitoids.

Z. utiliswasalways quite rare in
the field, its contiibution to the
reduction of sap beetles jgobably
not significant.

Israel Kenya

Blumberget al. 1984. Blumberg
2008.

Gerling and Beiordechai 1981;
Noyes 1982; Taniguchi 1977 (cite
in Williamset al. 1984)

ICHNEUMONIDAE

Allophryssp.

SeveraNitidulid larvae

Trinidad

Horstmann 1970a; Horstmann
1970b; Horstmann 1971;
Horstmann 1981 (cited in Williams
et al. 1984)

PROCTOTRUPIDAE

Brachyserphus abruptySay)

Stelidota strigosgGyllenhall)

24

Brazil, Canad#Costa Rica, Mexico,
USA

Ashmead 1893; Brues 1916;
Eastham 1929; Krombeet al.
1979; Muresebeckt al. 1951;
Riley and Howard 1892; Ruhl 192
Townes and Townes 1981;



Date palm, StrawberrieSweet
corn: Carpophilus hemipterug..),
C. freemanDobsonC. lugubris
Murray, Stelidota geminatdSay) S.
octomaculata(Say)S. ferruginea
Reitter,Glischrochilus
quadrisignatugSay, Lobiopa
insularis(Casteinau), and
Haptoncus luteolugErichson).

Percen parasitism in &instarC.
hemipterusaveraged 65% and for
2nd instar 45%. After parasitism,
larvae ofC. hemipterusurviving

to become adults averaged 0.6%
for 1st instar, 9.3% for 2nd instar,
and

90% for 3rd instar. Has potential &
a biological conbl agent, since it
can be cultured and produced in
large numbers on nitidulids reared
on artificial diet. It appears in the
field too late to be of value in som
cases.

Only nitidulid parasitoidB.
abruptus being used in pest
management programs (R. N.
Williams, pers. comm.) (Vegaal.
1994).

Parasitoid of larvae were
introduced from the USA to Israel.
No evidence of their establishmen|
was ever recorded.

18% parasitism

Washburn 1918; Williams 1932
(cited in Williamset al. 1984).
Williamset al. 1992.

Vegaet al. 1994

Blumberg 2008

Williamset al. 1995
Alstonet al.2014 (cited in Emekei
and Moore 2015)

PTEROMALIDAE

Anisopteromalus calandra¢ioward

Carpophilus obsolet&r.
- Stored grain

Formosa

Cotton and Good 1937; Okuni
1928 (cited in Williamst al.
1984).
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Table 4. Entomopathogenic nematodes (EPNS) which attack members of NitidBlielee text f) indicates species occurring in
Australia; blue text (*) = genywesent in Australia.

Nematode species

Insect host

Distribution and additional notes

Literature source

Heterorhabditidisp.

Urophorus humeralis

Nematodes applied at 100 1Js/ein the
laboratory resulted in a drastic reduction
in emergence of the beetles (7®@0%).

Applications in date palm orchards
resulted did not impact insect emergence
Application in fig orchards resulted in 50
70% reduction in insect emergence.

Glazeret al.2007.

Heterorhabditissp. with the

Urophorus humeralis

Laboratory applications of different strair

Glazeret al.1999.

Carpophilus of heterorhabditidto beetles resulted into
hemipterus moderate levels of mortality (3565%).
The 1S12 strain showed poor virulence (4
35% mortality) against larvae of
humeralisas well as larvae and pupae of
C. humipterus
Steinernematicsp. Carpophilus ForS. carpocapsaao differences in larval Vegaet al. 1994.
1. S. carpocapsa@/eiser hemipterus mortality, only IJ concentrations of 400
(Allstrain) per larva caused significantly higher
2. S. feltiae (= bibionis) larval mortality of approximately 13%.
(Filipjev) (SN strain) ForS. feltiag larval mortality ranged from
3. S.glaserSteiner (biosys 6 to 17%.
326) S. glaserithere were no significant
4. S. riobravigbiosys 355) differences and the mortality levels were

below 6% for all 1J concentrations tested
S. riobravigausal 80 to 88% larval
mortality at 200 and 400 |Js per larva.

Howardula truncata

Carpophilusp.

Susceptible host stage: Grubs

Rukminidevi and Rao.
1982 (cited in Rahamaat
al. 2000.)

Howardula multilatus

Carpophilusp.

Susceptible host stage: Grubs

Deviet al. 1991. (cited in
Rahamaret al. 2000.)
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5.0 Part Two: Field survey of natural enemies of almond pests

5.1 Methods

Natural enemysurveys were conducted in May 2018 to identifgect species that would Endidates foconservation
biocontrol of carob moth and carpophilus beetles. The surveys took the form of (i) field trapping of insects and (ii)
collection of infested mummy nufer nut examination and insect emergence testbwo trap designs, passivapsfor
airborne insect&nd sticky traps, were used for field trapping. The passive traps were a modification of Macquarie Island
traps, which have been showa collect comparable numbers of insects to water and sticky traps (Farrow and Greenslade
2013) Both traps are suitable for diverse insect groups and have been recommend specifically fdisperded insects
where they are currently being used in surveillance operations in Australia (EinkEly 2018). Mummy nuts were

harvested to sample fouyenile/immobile parasitoids that might not be caught in traps designed fabaine insects.

1 Field trapping

Insecttraps were set up at four sites/orchards, two in South Australia (SA) (Renmark and Loxton) and two in Victoria (VIC)
(Robinvale andNangiloc). The orchards in Renmark and Nangiloc are relatively small with cover crops (ryegrass and
clover) as part of theropping system, while the orchards in Loxton and Robinvale are much larger and predominantly
monocultures Table5). Pairs of traps (Macquarie Island trap and sticky trap) were set up at each location. Macquarie
Island traps ware deploye2i2 to 2.4 m abwe the ground on a star pickefkif.1a). Trapped insects were collected into

an insect chamber filled will a killing solution {80% propylene glycol and one tablespoon of borax). Sticky traps
comprising three transparent A4 acetate sheets covered witihaect adhesivel@anglefooy were positioned at regular
intervals on a 4 m high post placed in close proximity to mummy nuts oNdn@areilvariety of almond treesHig.1b).
Nonpareilis the dominant commercial variety of almonds. This variety hastershell compared to other varieties and
consequentlyhigher levels of pest infestation compared to hasftelled varieties such as Carmel. Traps were placed in
close proximity toNonpareiltrees to maximize chances of trapping pests and natural enertrisect sampling was
conducted over a onenonth period and traps were serviced weekly: samples were collected from insect chambers of
Macquarie Island traps and acetate sheets containing trapped individuals collected from sticky traps and replaced with
fresh sheets. Insects were removed from sticky traps by soaking field collected acetate sheets in kerosene to dissolve the
tanglefoot, although this was later found not to be the best method due to degradation of DNA. Sheets were soaked for
a maximum of two rmutes after which invertebrates were then rinsed in ethanol and placed in 1.5 ml Eppendorf tubes
filled with 100% ethanol. Insect identification was carried out by insect diagnosticians at the AgriBio Centre, Bundoora,

Victoria using molecular and morpluglical techniques.

Table5. Locations and descriptions of orchards surveyed for natural enemies and pests of carob moths and carpophilus beetles.
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Location GPS data Orchard characteristics Cover Crop: Notes
Renmark, SA 34°13'9.38"S; T <50ha Ryegrass / clover, recently
140°42'27.28"E 1  Sprinkler irrigation seeded 23 weeks prior to
trap deploymentc.a. 25%
ground cover.
Loxton, SA 34°28'7.35"S; 1 640 ha None
140°38'21.57"E 1 Sprinkler irrigation
1 Almond Varieties: Nonpareil, Carmel, Price,
Peerless and Monterey
Robinvale, VIC | 34°45'34.85"S; 1 800 ha None
142°56'36.99"E 9  Dripirrigation
1 Nonpareil, Carmel
Nangiloc, VIC 34°30'20.73"S; 1 180 ha Ryegrass / clover
142°20'27.46"E 1 Sprinkler irrigation

Figurel. Trapping methods used to sample natural enemies and pests of carob moth and carpophilus beetles in surveyed orchards.
(a) A modified Macquarie Island trap was used #&ptairborne insects that passively flew into the yellow cylinder at the top and

collected in the attached white insect chamber filled with an insect killing solution. (b) Sticky traps trapped and ra&tetioede
insects by means of an adhesive appliedA4 acetate sheet¢Photos: D. Clements, AVR).

9 Harvesting mummy nuts
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