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       Review of Invertebrate Biological Control Agents Introduced into Europe Review of Invertebrate Biological Control Agents Introduced into Europe Esther Gerber and Urs Schaffner CABI Switzerland Rue des Grillons 1 CH-2800 Delémont Switzerland CABI is a trading name of CAB International CABI CABI Nosworthy Way 745 Atlantic Avenue Wallingford 8th Floor Oxfordshire OX10 8DE Boston, MA 02111 UK USA Tel: +44 (0)1491 832111 Tel: +1 (617)682-9015 Fax: +44 (0)1491 833508 E-mail: cabi-nao@cabi.org E-mail: info@cabi.org Website: www.cabi.org © E. Gerber and U. Schaffner 2016. All rights reserved. No part of this publication may be reproduced in any form or by any means, electronically, mechanically, by photocopying, recording or otherwise, without the prior permission of the copyright owners. A catalogue record for this book is available from the British Library, London, UK. Library of Congress Cataloging-in-Publication Data Names: Gerber, Esther, author. | Schaffner, Urs, 1963- , author. Title: Review of invertebrate biological control agents introduced into Europe / Esther Gerber and Urs Schaffner. Description: Boston, MA : CABI, 2016. | Includes bibliographical references and index. Identifiers: LCCN 2016031165 | ISBN 9781786390790 (hbk : alk. paper) Subjects: LCSH: Insects as biological pest control agents--Europe. | Introduced insects--Europe. | Insect pests--Biological control--Europe. Classification: LCC SB976.I56 G47 2016 | DDC 632/.96094--dc23 LC record available at https://lccn.loc.gov/2016031165 ISBN-13: 978 1 78639 079 0 Consignor: Federal Office for the Environment (FOEN), Soil and Biotechnology Division, CH-3003 Bern, Switzerland. FOEN is an agency of the Federal Department of the Environment, Transport, Energy and Communications (DETEC). Contractor: CABI Switzerland, Rue des Grillons 1, CH-2800 Delémont. Authors: Esther Gerber and Urs Schaffner Notice: This report was commissioned by the Federal Office for the Environment (FOEN). The contractor bears sole responsibility for the content. Commissioning editor: Rachael Russell Editorial assistant: Emma McCann Production editor: Tracy Head Typeset by SPi, Pondicherry, India. Printed and bound in the UK by CPI Group (UK) Ltd, Croydon CR0 4YY. Contents Introduction and Summary 1 1 Exotic Insect Biocontrol Agents Released in Europe 9 1.1 Acizzia uncatoides (Ferris and Klyver), Acacia Psyllid (Hem., Psyllidae) 9 Harmonia conformis (Boisduval) (Col., Coccinellidae) 1.1.1  9 1.2 Acyrthosiphon pisum Harris, Pea Aphid (Hem., Aphididae) 10 Aphidius smithi Sharma and Subba Rao, lucerne 1.2.1  aphid parasite (Hym., Braconidae) 10 1.3 Aleurothrixus floccosus Maskell, Woolly Whitefly (Hem., Aleyrodidae) 11 Amitus spiniferus (Brèthes) (Hym., Platygastridae) 1.3.1  11 Cales noacki Howard (Hym., Aphelinidae) 1.3.2  12 1.3.3 Eretmocerus paulistus Hempel (Hym., Aphelinidae) 12 1.4 Aonidiella aurantii (Maskell), California Red Scale (Hem., Diaspididae) 12 Aphytis holoxanthus DeBach, circular black scale parasite 1.4.1  (Hym., Aphelinidae) 13 Aphytis lingnanensis Compere (Hym., Aphelinidae) 1.4.2  13 Aphytis melinus DeBach, golden chalcid 1.4.3  (Hym., Aphelinidae) 14 Comperiella bifasciata Howard (Hym., Encyrtidae) 1.4.4  15 1.5 Aphis spiraecola Patch, Green Citrus Aphid (Hem., Aphididae) 15 Harmonia axyridis Pallas, Asian ladybird 1.5.1  (Col., Coccinellidae) 16 L ysiphlebus testaceipes (Cresson) (Hym., Braconidae) 1.5.2  17 1.6 Aphis spiraephaga Muller, Spireas Aphid (Hem., Aphididae) 18 Aphidius colemani Viereck (Hym., Braconidae) 1.6.1  18 L ysiphlebus testaceipes (Cresson) (Hym., Braconidae) 1.6.2  19 v vi Contents 1.7 Aspidiotus nerii Bouche, Aucuba Scale (Hem., Diaspididae) 19 1.7.1  Aphytis melinus DeBach (Hym., Aphelinidae) 20 1.8 Bactrocera oleae (Rossi), Olive Fruit Fly (Dip., Tephritidae) 20 1.8.1  Belonuchus rufipennis (Fabricius) (Col., Staphylinidae) 21 1.8.2  Biosteres longicaudatus Ashmead, longtailed fruit fly parasite (Hym., Braconidae) 21 1.8.3  Bracon celer Szépligeti (Hym., Braconidae) 22 1.8.4  Cirrospilus variegatus (Masi) (Hym., Eulophidae) 22 1.8.5  Euderus cavasolae (Silvestri) (Hym., Eulophidae) 23 1.8.6  Eupelmus afer Silvestri (Hym., Eupelmidae) 23 1.8.7  Fopius arisanus (Sonan) (Hym., Braconidae) 23 1.8.8  Halticoptera daci Silvestri (Hym., Pteromalidae) 23 1.8.9  Mesopolobus modestus Silvestri (Hym., Pteromalidae) 24 1.8.10 Closterocerus formosus Westwood (Hym., Eulophidae) 24 1.8.11 Diachasmimorpha tryoni (Cameron) (Hym., Braconidae) 24 1.8.12 Phaedrotoma trimaculata (Spinola) (Hym., Braconidae) 25 1.8.13 Psyttalia concolor Szépligeti (Hym., Braconidae) 25 1.8.14 Psyttalia dacicida (Silvestri) (Hym., Braconidae) 27 1.8.15 Triaspis daci (Szépligeti) (Hym., Braconidae) 27 1.8.16 Utetes africanus (Szépligeti) (Hym., Braconidae) 27 1.9 Ceratitis capitata (Wiedemann), Mediterranean Fruit Fly (Dip., Tephritidae) 28 1.9.1  Aceratoneuromyia indica (Silvestri) (Hym., Eulophidae) 28 1.9.2  Belonuchus rufipennis (Fabricius) (Col., Staphylinidae) 29 1.9.3  Dirhinus giffardii Silvestri (Hym., Chalcididae) 29 1.9.4  Coptera silvestrii (Kieffer) (Hym., Diapriidae) 29 1.9.5  Tetrastichus giffardianus Silvestri (Hym., Eulophidae) 29 1.9.6  Elachertus giffardi (Timberlake) (Hym., Eulophidae) 30 Choristoneura murinana (Hübner), European 1.10  Fir Budworm (Lep., Tortricidae) 30 1.10.1 Apanteles fumiferanae Viereck (Hym., Braconidae) 31 1.10.2 Ceromasia auricaudata Townsend (Dip., Tachinidae) 31 1.10.3 Glypta fumiferanae (Viereck) (Hym., Ichneumonidae) 31 1.10.4 Casinaria sp. (Hym., Ichneumonidae) 31 1.10.5 Smidtia fumiferanae Tothill (Dip., Tachinidae) 32 Chrysomphalus dictyospermi (Morgan), 1.11  Dictyospermum Scale (Hem., Diaspididae) 32 1.11.1 Aphytis coheni DeBach (Hym., Aphelinidae) 32 1.11.2 Aphytis lingnanensis Compere (Hym., Aphelinidae) 33 1.11.3 Aphytis melinus DeBach, golden chalcid (Hym., Aphelinidae) 33 1.11.4 Comperiella bifasciata Howard (Hym., Encyrtidae) 34 Contents vii 1.11.5 Encarsia lounsburyi (Berlese and Paoli) (Hym., Aphelinidae) 34 1.11.6 Encarsia perniciosi (Tower) (Hym., Aphelinidae) 35 Cydia molesta (Busck), Oriental Fruit Moth 1.12  (Lep., Tortricidae) 35 1.12.1 Glypta rufiscutellaris Cresson (Hym., Ichneumonidae) 36 1.12.2 Hymenochaonia delicata (Cresson) (Hym., Braconidae) 36 1.12.3 Macrocentrus ancylivorus Rohwer (Hym., Braconidae) 37 Cydia pomonella L., Codling Moth 1.13  (Lep., Tortricidae) 37 1.13.1 Trichogramma minutum Riley, minute egg parasite (Hym., Trichogrammatidae) 38 Cinara laportei (Remaudière) (Hem., Aphididae) 1.14  38 1.14.1 Pauesia cedrobii Starý and Leclant (Hym., Braconidae) 38 Ctenarytaina eucalypti (Maskell), Blue Gum Psyllid 1.15  (Hem., Psyllidae) 39 1.15.1 Psyllaephagus pilosus Noyes (Hym., Encyrtidae) 39 Dendroctonus micans (Kugelann), Great Spruce 1.16  Bark Beetle (Col., Curculionidae) 40 1.16.1 Rhizophagus grandis Gyllenhal (Col., Monotomidae) 41 Dialeurodes citri (Ashmead), Citrus Whitefly 1.17  (Hem., Aleyrodidae) 41 1.17.1 Encarsia formosa Gahan, whitefly parasite (Hym., Aphelinidae) 42 1.17.2 Encarsia lahorensis (Howard) (Hym., Aphelinidae) 43 1.17.3 Serangium parcesetosum Sicard (Col., Coccinellidae) 43 Diaspidiotus perniciosus (Comstock), San José 1.18  Scale (Hem., Diaspididae) 43 1.18.1 Chilocorus similis (Rossi), Asiatic ladybird (Col., Coccinellidae) 44 1.18.2 Encarsia perniciosi (Tower) (Hym., Aphelinidae) 44 1.18.3 Rhyzobius lophanthae (Blaisdell), scale-eating ladybird (Col., Coccinellidae) 46 Diuraphis noxia (Kurdjumov), Russian Wheat Aphid 1.19  (Hem., Aphididae) 47 1.19.1 Aphidius colemani Viereck (Hym., Braconidae) 47 Dryocosmus kuriphilus Yasumatsy, Chestnut 1.20  Gall Wasp (Hym., Cynipidae) 48 1.20.1 Torymus sinensis Kamijo (Hym., Torymidae) 49 Eriosoma lanigerum (Hausmann), Woolly Aphid 1.21  (Hem., Aphididae) 49 1.21.1 Aphelinus mali (Haldeman), woolly aphid parasite (Hym., Aphelinidae) 50 viii Contents Ectomyelois ceratoniae (Zeller), Locust Bean Moth 1.22  (Lep., Pyralidae) 52 1.22.1 Phanerotoma flavitestacea Fischer (Hym., Braconidae) 53 Gonipterus scutellatus Gyllenhal, Eucalyptus 1.23  Weevil (Col., Curculionidae) 53 1.23.1 Anaphes nitens (Girault) (Hym., Mymaridae) 54 Heliothrips haemorrhoidalis (Bouché) 1.24  (Thys., Thripidae) 54 1.24.1 T hripobius javae (Girault) (Hym., Eulophidae) 54 Hyphantria cunea Drury, Fall Webworm 1.25  (Lep., Noctuidae) 55 1.25.1 Aleiodes sanctihyacinthi (Provancher) (Hym., Braconidae) 56 1.25.2 Campoplex validus (Cresson) (Hym., Ichneumonidae) 56 1.25.3 Ceratomegilla maculata (De Geer), spotted ladybird (Col., Coccinellidae) 56 1.25.4 Cotesia hyphantriae (Riley) (Hym., Braconidae) 57 1.25.5 Hyposoter fugitivus (Say) (Hym., Ichneumonidae) 57 1.25.6 Hyposoter pilosulus (Provancher) (Hym., Ichneumonidae) 58 1.25.7 Panzeria ampelus (Walker) (Dip., Tachinidae) 58 1.25.8 Meteorus bakeri Cook and Davis (Hym., Braconidae) 58 1.25.9 Meteorus hyphantriae Riley (Hym., Braconidae) 59 Podisus maculiventris (Say), spined soldier bug 1.25.10  (Hem., Pentatomidae) 59 Podisus placidus Uhler (Hem., Pentatomidae) 1.25.11  59 Icerya purchasi Maskell, Cottony Cushion Scale 1.26  (Hem., Margarodidae) 59 1.26.1 Rodolia cardinalis (Mulsant), vedelia beetle (Col., Coccinellidae) 60 Lepidosaphes beckii (Newman), Purple Scale 1.27  (Hem., Diaspididae) 62 1.27.1 Aphytis coheni DeBach (Hym., Aphelinidae) 62 1.27.2 Aphytis lepidosaphes Compere (Hym., Aphelinidae) 63 1.27.3 Chilocorus circumdatus (Gyllenhal in Schönherr) (Col., Coccinellidae)63 1.27.4 Chilocorus hauseri Weise (Col., Coccinellidae) 64 Lepidosaphes gloverii (Packard), Glover Scale 1.28  (Hem., Diaspididae) 64 1.28.1 Encarsia brimblecombei (Girault) (Hym., Aphelinidae) 64 Leptinotarsa decemlineata Say, Colorado 1.29  Potato Beetle (Col., Chrysomelidae) 65 1.29.1 Horismenus puttleri Grissell (Hym., Eulophidae) 66 1.29.2 Lebia grandis Hentz (Col., Carabidae) 66 1.29.3 Myiopharus doryphorae (Riley) (Dip., Tachinidae) 66 1.29.4 Myiopharus sp. (Dip., Tachinidae) 67 1.29.5 Perillus bioculatus (Fabricius), two-spotted stink bug (Hem., Pentatomidae) 67 Contents ix Perillus circumcinctus Stål (Hem., Pentatomidae) 1.29.6  68 Podisus maculiventris (Say), spined soldier bug 1.29.7  (Hem., Pentatomidae) 68 Lymantria dispar (L.), Gypsy Moth (Lep., Erebidae) 1.30  69 Ooencyrtus kuvanae (Howard) (Hym., Encyrtidae) 1.30.1  70 Megoura viciae Buckton, Vetch Aphid 1.31  (Hem., Aphididae) 70 Aphidius megourae Starý (Hym., Braconidae) 1.31.1  71 Melanaphis donacis (Passerini) (Hem., Aphididae) 1.32  71 Aphidius colemani Viereck (Hym., Braconidae) 1.32.1  71 Melolontha melolontha (L.), Cockchafer 1.33  or May Bug (Col., Scarabaeidae) 72 Myzinum sp. (Hym., Scoliidae) 1.33.1  72 Tiphia sp. (Hym., Tiphiidae) 1.33.2  72 Metcalfa pruinosa (Say), Citrus Flatid Planthopper 1.34  (Hem., Flatidae) 73 Neodryinus typhlocybae (Ashmead) (Hym., Dryinidae) 1.34.1  73 Myzus persicae Sulzer, Green Peach Aphid 1.35  (Hem., Aphididae) 74 Hippodamia convergens Guérin-Méneville, convergent 1.35.1  lady beetle (Col., Coccinellidae) 74 Ophelimus maskelli (Ashmead) (Hym., Eulophidae) 1.36  75 Closterocerus chamaeleon (Girault) (Hym., Eulophidae) 1.36.1  75 Panolis flammea (Denis and Schiffermüller), 1.37  Pine Beauty (Lep., Noctuidae) 75 Trichogramma minutum Riley, minute egg parasite 1.37.1  (Hym., Trichogrammatidae) 76 Parabemisia myricae (Kuwana), Bayberry Whitefly 1.38  (Hem., Aleyrodidae) 76 Eretmocerus debachi Rose and Rosen 1.38.1  (Hym., Aphelinidae) 77 Eretmocerus sp. (Hym., Aphelinidae) 1.38.2  77 Parectopa robiniella Clemens, Locust Digitate 1.39  Leafminer (Lep., Gracillariidae) 77 Closterocerus cinctipennis Ashmead (Hym., Eulophidae) 1.39.1  78 Parthenolecanium corni (Bouché), European 1.40  Fruit Scale (Hem., Coccidae) 78 Encyrtus fuscus (Howard) (Hym., Encyrtidae) 1.40.1  79 Pectinophora gossypiella (Saunders), Pink Bollworm 1.41  (Lep., Gelechiidae) 79 Chelonus spp. (Hym., Braconidae) 1.41.1  79 Chelonus blackburni Cameron (Hym., Braconidae) 1.41.2  80 Pristomerus hawaiiensis Perkins (Hym., Ichneumonidae) 1.41.3  80 Phoracantha semipunctata (Fabricius), Eucalyptus 1.42  Longhorned Borer (Col., Cerambycidae) 80 Oobius longoi (Siscaro) (Hym., Encyrtidae) 1.42.1  81 x Contents Phthorimaea operculella (Zeller), Potato 1.43  Tuber Moth (Lep., Gelechiidae) 81 1.43.1 Agathis unicolorata Shenefelt (Hym., Braconidae) 82 1.43.2 Apanteles scutellaris Muesebeck (Hym., Braconidae) 83 1.43.3 Apanteles subandinus Blanchard (Hym., Braconidae) 83 1.43.4 Apanteles sp. (Hym., Braconidae) 83 1.43.5 Habrobracon gelechiae (Ashmead) (Hym., Braconidae) 83 1.43.6 Campoplex haywardi Blanchard (Hym., Ichneumonidae) 84 1.43.7 Copidosoma koehleri Blanchard (Hym., Encyrtidae) 84 1.43.8 Eriborus trochanteratus (Morley) (Hym., Ichneumonidae) 85 1.43.9 Chelonus curvimaculatus Cameron (Hym., Braconidae) 85 Orgilus lepidus Muesebeck (Hym., Braconidae) 1.43.10  86 Orgilus parcus Turner (Hym., Braconidae) 1.43.11  86 Temelucha sp. (Hym., Ichneumonidae) 1.43.12  86 Trichogramma spp. (Hym., Trichogrammatidae) 1.43.13  86 Phyllocnistis citrella Stainton, Citrus Leafminer 1.44  (Lep., Gracillariidae) 87 1.44.1 Ageniaspis citricola Logvinovskaya (Hym., Encyrtidae) 87 1.44.2 Cirrospilus ingenuus Gahan (Hym., Eulophidae) 88 1.44.3 Citrostichus phyllocnistoides (Narayanan) (Hym., Eulophidae) 88 1.44.4 Galeopsomyia fausta La Salle (Hym., Eulophidae) 89 1.44.5 Quadrastichus citrella Reina and La Salle (Hym., Eulophidae) 89 1.44.6 Semielacher petiolatus (Girault) (Hym., Eulophidae) 89 Planococcus citri (Risso), Citrus Mealybug 1.45  (Hem., Pseudococcidae) 90 1.45.1  Coccidoxenoides peregrinus (Timberlake) (Hym., Encyrtidae) 90 1.45.2  Coccophagus gurneyi Compere (Hym., Aphelinidae) 91 1.45.3  Cryptolaemus montrouzieri Mulsant, mealybug ladybird (Col., Coccinellidae) 91 1.45.4  Leptomastix dactylopii Howard (Hym., Encyrtidae) 92 1.45.5  Nephus reunioni Fürsch (Col., Coccinellidae) 93 1.45.6  Tetracnemoidea brevicornis (Girault) (Hym., Encyrtidae) 93 Prays oleae (Bernard), Olive Kernel Borer 1.46  (Lep., Yponomeutidae) 94 1.46.1 Trichogramma cacaeciae Marchal (Hym., Trichogrammatidae) 94 1.46.2  Trichogramma dendrolimi Matsumura (Hym., Trichogrammatidae) 95 1.46.3  Trichogramma minutum Riley, minute egg parasite (Hym., Trichogrammatidae) 95 1.46.4  Trichogramma pretiosum Riley (Hym., Trichogrammatidae) 95 1.46.5  Trichogramma spp. (Hym., Trichogrammatidae) 96 Contents xi Pseudaulacaspis pentagona (Targioni Tozzetti), White 1.47  Peach Scale or Mulberry Scale (Hem., Diaspididae) 96 1.47.1  Aphytis proclia (Walker) (Hym., Aphelinidae) 97 1.47.2  Encarsia berlesei (Howard) (Hym., Aphelinidae) 97 1.47.3  Pteroptrix orientalis (Silvestri) (Hym., Aphelinidae) 98 1.47.4  Rhyzobius lophanthae (Blaisdell), scale-eating ladybird (Col., Coccinellidae) 98 Pseudococcus viburni (Signoret), Obscure Mealybug 1.48  (Hem., Pseudococcidae) 99 1.48.1  Nephus reunioni Fürsch (Col., Coccinellidae) 99 Rhyacionia buoliana (Denis and Schiffermüller), European 1.49  Pine Shoot Moth (Lep., Tortricidae) 100 1.49.1  Hyssopus thymus Girault (Hym., Eulophidae) 100 1.49.2  Itoplectis conquisitor (Say) (Hym., Ichneumonidae) 100 Saissetia oleae (Olivier), Black Olive Scale (Hem., Coccidae) 101 1.50  1.50.1  Coccophagus ceroplastae (Howard) (Hym., Aphelinidae) 101 1.50.2  Coccophagus rusti Compere (Hym., Aphelinidae) 102 1.50.3  Diversinervus elegans Silvestri (Hym., Encyrtidae) 102 1.50.4  Encyrtus aurantii (Geoffroy) (Hym., Encyrtidae) 102 1.50.5  Metaphycus anneckei Guerrieri and Noyes and Metaphycus hageni Daane and Caltagirone (Hym., Encyrtidae) 103 1.50.6  Metaphycus helvolus (Compere) (Hym., Encyrtidae) 104 1.50.7  Metaphycus lounsburyi (Howard) (Hym., Encyrtidae) 105 1.50.8  Metaphycus stanleyi Compere (Hym., Encyrtidae) 105 1.50.9  Metaphycus swirskii Annecke and Mynhardt (Hym., Encyrtidae) 106 1.50.10  Microterys nietneri (Motschulsky) (Hym., Encyrtidae) 106 1.50.11  Moranila californica (Howard) (Hym., Pteromalidae) 106 1.50.12  Rhyzobius forestieri (Mulsant) (Col., Coccinellidae) 107 1.50.13  Scutellista caerulea (Fonscolombe) (Hym., Pteromalidae) 107 Stictocephala bisonia Kopp and Yonke, Buffalo 1.51  Treehopper (Hem., Membracidae) 108 1.51.1  Polynema striaticorne Girault (Hym., Mymaridae) 108 Toxoptera aurantii (Boyer de Fonscolombe), 1.52  Black Citrus Aphid (Hem., Aphididae) 109 1.52.1  Harmonia axyridis Pallas, Asian ladybird (Col., Coccinellidae) 109 1.52.2  L ysiphlebus testaceipes (Cresson) (Hym., Braconidae) 109 Trialeurodes vaporariorum (Westwood), Greenhouse 1.53  Whitefly (Hem., Aleyrodidae) 110 1.53.1  Encarsia pergandiella Howard (Hym., Aphelinidae) 111 Unaspis yanonensis (Kuwana), Arrowhead Scale 1.54  (Hem., Diaspididae) 111 1.54.1  Aphytis yanonensis DeBach and Rosen (Hym., Aphelinidae) 112 1.54.2  Coccobius fulvus (Compere and Annecke) (Hym., Aphelinidae) 112 xii Contents 1.55 Unspecified Aphids (Hem., Aphidae) 112 1.55.1 Coccinella sp. (Col., Coccinellidae) 112 1.55.2 Harmonia axyridis Pallas, Asian ladybird (Col., Coccinellidae) 112 1.55.3 Hippodamia convergens Guérin-Méneville, convergent lady beetle (Col., Coccinellidae) 113 1.55.4 L ysiphlebus testaceipes (Cresson) (Hym., Braconidae) 113 1.56 Unspecified Scale Insects (Hem., Coccidae) 113 1.56.1 Aphytis chrysomphali (Mercet) (Hym., Aphelinidae) 113 1.56.2 Aphytis lingnanensis Compere (Hym., Aphelinidae) 114 1.56.3 Chilocorus kuwanae Silvestri (Col., Coccinellidae) 114 1.56.4 Chilocorus stigma Say, twice-stabbed lady beetle (Col., Coccinellidae) 114 1.56.5 Coccidophilus citricola Brèthes (Col., Coccinellidae) 115 1.56.6 Comperiella bifasciata Howard (Hym., Encyrtidae) 115 1.56.7 Encarsia ectophaga (Silvestri) (Hym., Aphelinidae) 115 1.56.8 Pentilia egena Mulsant (Col., Coccinellidae) 115 1.56.9 Hyperaspis silvestrii Weise (Col., Coccinellidae) 116 Pteroptrix smithi (Compere) (Hym., Aphelinidae) 1.56.10  116 Scymnus sp. (Col., Coccinellidae) 1.56.11  116 1.57 Unspecified Moths (Lepidoptera) 116 1.57.1 Itoplectis conquisitor (Say) (Hym., Ichneumonidae) 116 1.58 Unspecified Coccidae Targets 117 1.58.1 Metaphycus luteolus (Timberlake) (Hym., Encyrtidae) 117 1.59 Unspecified Targets 117 1.59.1 Mallada desjardinsi (Navás) (Neu., Chrysopidae) 117 2 European Insect Biocontrol Agents Released in Europe 118 Adelges piceae (Ratzeburg), Balsam Woolly Adelgid 2.1  (Hem., Adelgidae) 118 2.1.1  Laricobius erichsonii Rosenhauer (Col., Derodontidae) 118 2.1.2  Scymnus impexus Mulsant (Col., Coccinellidae) 119 Diaspidiotus perniciosus (Comstock), San José Scale 2.2  (Hem., Diaspididae) 119 2.2.1  Encarsia fasciata (Malenotti) (Hym., Aphelinidae) 119 Dociostaurus maroccanus (Thunberg), Moroccan 2.3  Locust (Ort., Acrididae) 120 2.3.1  Cytherea obscura Fabricius (Dip., Bombyliidae) 120 2.3.2  Mylabris variabilis (Pallas) (Col., Meloidae) 121 2.3.3  Systoechus ctenopterus (Mikan) (Dip., Bombyliidae) 121 Dialeurodes citri (Ashmead), Citrus Whitefly 2.4  (Hem., Aleyrodidae) 121 2.4.1  Encarsia tricolor Forster (Hym., Aphelinidae) 121 Contents xiii Ips sexdentatus (Boerner), Six-toothed Bark Beetle 2.5  (Col., Scolytidae) 122 2.5.1 Aulonium ruficorne (Olivier) (Col., Zopheridae) 122 2.5.2 Hypophloeus fraxini Kugelann (Olivier) (Col., Tenebrionidae) 123 2.5.3 Platysoma oblongum (Fabricius) (Col., Histeridae) 123 2.5.4 Tomicobia seitneri (Ruschka) (Hym., Pteromalidae) 123 Liriomyza trifolii (Burgess in Comstock), American 2.6  Serpentine Leafminer (Dip., Agromyzidae) 123 2.6.1 Diglyphus isaea (Walker) (Hym., Eulophidae) 124 2.6.2 Dacnusa sibirica Telenga (Hym., Braconidae) 125 Prays oleae (Bernard), Olive Kernel Borer 2.7  (Lep., Yponomeutidae) 125 2.7.1 Chelonus elaeaphilus (Silvestri) (Hym., Braconidae) 125 2.7.2 Trichogramma embryophagum (Hartig) (Hym., Trichogrammatidae) 126 Rhyacionia buoliana (Denis and Schiffermüller), 2.8  European Pine Shoot Moth (Lep., Tortricidae) 126 2.8.1 Baryscapus turionum (Hartig) (Hym., Eulophidae) 126 2.8.2 Copidosoma geniculatum (Dalman) (Hym., Encyrtidae) 126 Scolytus scolytus (Fabricius), Large European Elm 2.9  Bark Beetle (Col., Scolytidae) 127 2.9.1 Dendrosoter protuberans (Nees) (Hym., Braconidae) 127 3 Weed Biocontrol 128 Ambrosia artemisiifolia L., Common Ragweed 3.1  (Asteraceae)128 Zygogramma suturalis (Fabricius) (Col., Chrysomelidae) 129 3.1.1  Reynoutria japonica var. japonica (Houttuyn), 3.2  Japanese Knotweed (Polygonaceae) 130 Aphalara itadori (Shinji) (Hem., Psyllidae) 3.2.1  131 Cirsium arvense (L.) Scopoli, Creeping Thistle 3.3  (Asteraceae)131 Altica carduorum (Guérin-Méneville) 3.3.1  (Col., Chrysomelidae) 132 4 Discussion 133 Table 4 138 Table 5 161 References167 Index187 Introduction and Summary This review provides an overview of all documented releases of exotic (non-European) invertebrate biological control agents (IBCAs) into the environ- ment in Europe and summarizes key information on the target species as well as on the biological control agent released. It is an update of A Review of Biological Control in Western and Southern Europe edited by Greathead (1976) and covers the period from 1897, when the beetle Rodolia cardinalis (Mulsant) was introduced into Portugal against the invasive cottony cushion scale, Icerya purchasi Maskell, until the end of 2009. This review is based largely on the BIOCAT database (Greathead and Greathead 1992), which contains records of the introduction of insect natural enemies, namely parasitoids and predators, for the control of in- sect pests worldwide. It does not include the introduction of other natural en- emies for insect control, such as pathogens or nematodes. Also, it does not contain introductions into greenhouses and other protected cultivation where the agent is not expected to survive outdoors, although some of these organisms might sub- sequently also be found in nature. For instance, Pseudaphycus flavidulus (Brèthes), a wasp originating from Chile, has been introduced for studies in the laboratory, but subsequently has also been recorded in nature (Malausa et al. 2008). Most of the releases recorded in BIOCAT were made in the context of classical bio- logical control (BC) projects, but in a few cases releases were also made in inun- dative BC projects. Developed by the late D.J. Greathead (former director of the International Institute of Biological Control, which is now part of CABI) and his wife, A.H. Greathead, BIOCAT was maintained continuously until the end of 2005. BIOCAT is currently being updated by CABI scientists. For this review, we used the database as it stood up to 2009, which included some 6000 records and the great majority of all insect introductions worldwide. Since the BIOCAT data- base is not yet accessible on the Internet, we refer to BIOCAT 2005 when citing information from the database. In addition to BIOCAT, some key references on the introductions of arthro- pods into Europe were also considered (including Robinson and Hooper 1989; Orphanides 1996; Mifsud 1997; Noyes 2002; Lucchi et al. 2003; Jacas et al. 2006; Malausa et al. 2008; Rasplus et al. 2010; Roy and Migeon 2010). Arthropods used as IBCAs against invasive weeds were taken from Julien and Griffiths’s (1998) ©E. Gerber and U. Schaffner 2016. Review of Invertebrate Biological Control Agents Introduced into Europe (E. Gerber and U. Schaffner) 1 2 Introduction and Summary Biological Control of Weeds: A World Catalogue of Agents and their Target Weeds, fourth edition, which covers the period up to the end of 1996 and includes 1160 re- leases (including pathogens). Information on the recent release of an agent against Japanese knotweed in the UK was taken from Shaw et al. (2011). A review of add- itional sources of introductions of exotic organisms for classical biological control did not reveal any introductions of exotic nematodes or molluscs into Europe (Cock et al. 2010). Unattributed information on target species was taken from the Crop Protection Compendium (CABI 2007). Following Greathead (1976), we delimited Europe to the set of countries belonging to the European Union (EU) and the European Free Trade Association (EFTA) (in- cluding Albania and states in former Yugoslavia); overseas territories were excluded. BIOCAT 2005 also includes releases of insects native to some European countries that have been released in other European countries. These introductions are treated separately in Chapter 2, European Insect Biocontrol Agents Released in Europe. Some introductions of BC agents into Europe have never been published. Therefore, this review may not provide the complete list of BC agents introduced into Europe. Nevertheless, the report includes a vast majority of the introductions, and hence provides a representative picture of the history of releases of exotic BC agents into the environment in Europe. Species nomenclature follows the Global Biodiversity Information Facility (GBIF; www.gbif.org). Countries of Origin and Destination By far the largest number of introduced organisms are reported for Italy (Table 1), followed by France, Greece, Spain and Cyprus. In general, more organisms were introduced into Mediterranean countries than into countries of central and northern Europe. Information on the source countries of the agents is not available for all intro- ductions. From the data available, North America (Canada and USA) appears to be the most important source of exotic biocontrol agents released in Europe (Table 2). Introduced biocontrol agents are frequently redistributed, i.e. populations from a country where the species has been established are then released into a third country. Some successful biocontrol agents have been spread literally world- wide (see, for example, Encarsia berlesei (Howard), Section 1.47.2), and for some their original native range is not known (Section 1.11.1). For Europe, the USA is the most important ‘secondary donor country’ (Table 3). In addition, both France and Italy have supplied other European countries with several exotic biocontrol agents (Table 3). Several exotic BC agents have been reported from more countries than those in which they were introduced originally (e.g. Section 1.5.1; see also Table 4). This could be either because the species have spread naturally once released in Europe, as is the case for the Asian ladybird, Harmonia axyridis Pallas, or Psyllaephagus pilosus Noyes, a parasitoid of a pest on eucalyptus (Section 1.15.1), or because biocontrol Introduction and Summary 3 Table 1. Number of exotic biological control agents introduced into individual countries in Europe. Data are based on the species reports provided in this report. Country Number of agents Italy 85 France 48 Greece 43 Spain 35 Cyprus 32 Former Yugoslavia 14 Former Czechoslovakia, Poland, UK 13 Portugal 8 Germany, Malta 6 Switzerland 5 Austria, Czech Republic 3 Belgium, Sweden 2 Croatia, Denmark, Hungary, Ireland, 1 Macedonia, Netherlands, Slovenia Table 2. Donor countries of the native range of biological control agents that were introduced into Europe. Data are based on the species reports provided in this report. Country Number of agents USA (including Hawaii) 23 Canada 13 Eritrea 9 China, South Africa 5 India 4 Australia, Mexico, Japan 3 Algeria, Israel 2 Barbados, Brazil, Ethiopia, Libya, 1 Morocco, Pakistan, Thailand, Tunisia, former USSR agents are spread unintentionally by humans (Section 1.30.1). However, it is also likely that species have been introduced into more countries than have been re- ported in the literature available for this review. European agents have also been moved within Europe (Chapter 2; see also Table 5). For instance, three European natural enemies were introduced against Moroccan locust, Dociostaurus maroccanus (Thunberg), on Mediterranean islands (Section 2.3), and several species from Continental Europe were introduced to the UK against bark beetles (Section 2.3). In a single case, a Siberian predatory beetle, Rhizophagus grandis Gyllenhal, was introduced into France to accelerate the nat- ural spread of this species in Europe (Section 1.16.1). 4 Introduction and Summary Table 3. Secondary donor countries (i.e. not within the native range) acting as sources for releases of exotic biocontrol agents in European countries. Data are based on the species reports provided in this report. Country Number of agents USA (including Hawaii) 21 France (including La Réunion) 13 Italy 6 Israel 5 India 4 Japan 3 Cyprus, Germany, South Africa, Portugal 2 (including Madeira), former USSR Belgium, Chile, Cuba, Egypt, Morocco, 1 Switzerland, Uruguay Targets Exotic agents have been introduced against 59 specified pest species, and also against groups of insects such as aphids, scale insects and moths in gen- eral (Sections 1.55, 1.56 and 1.57). In addition, no specific target group is reported for one biocontrol agent (Section 1.59). Most pests targeted by exotic insect biocontrol agents are sap-sucking insects in the order Hemiptera (58%), predominantly aphids and scale insects (Fig. 1). Pests are further at- tributed to the orders Lepidoptera (22%), Coleoptera (10%), Diptera (5%) and Hymenoptera (3%). European agents have been relocated within Europe against nine target species (Table 5). For four of them, i.e. Adelges piceae (Ratzeburg) (Section 2.1), D. maroccanus (Section 2.3), Ips sexdentatus (Boerner) (Section 2.5) and Liriomyza trifolii (Burgess in Comstock) (Section 2.6), biological control has been attempted using European agents only. It should be noted, though, that it is likely that relocations of European parasitoids or predators within Europe have not always been pub- lished. Hence, Table 5 is considered to provide only a subset of all relocations of European predators or parasitoids. Some 73% (N = 125) of the agents introduced in European countries targeted pests on trees; 36 organisms were released for BC in timber and 87 in fruit pro- duction. Within the latter, mainly two crop types were targeted: 24% (N = 41) and 18% (N = 31) of all organisms introduced into European countries targeted pests on citrus and olive, respectively. The number of biological agents introduced against pests of field crops is comparatively low. Only 16% of all agents were introduced for this purpose. Most of these agents (N = 17) were released against pests in potatoes (Section 1.29 and 1.43). Only one single species is reported to date to have been introduced spe- cifically against a pest on ornamental trees (Section 1.1). Introduction and Summary 5 Coleoptera (10%) Lepidoptera (22%) Diptera (5%) Hymenoptera (3%) Orthoptera (2%) Hemiptera (58%) Fig. 1. Arthropod pests (N = 59) by order against which exotic biological control agents have been introduced in Europe. A significant number of agents have been released against pests in more than one habitat, or pests attacking more than one commodity. For example, Podisus maculiventris (Say) was released against Lepidoptera pests both in forests and in potato production (Sections 1.25.10 and 1.29.7). Moreover, several target species that are major pests in orchards or forests also attack ornamentals. Hence, pests of ornamental species have been targeted more often by arthropod biological control than indicated in Fig. 2. No information on the target habitat/crop was available for 17 organisms. In the majority of cases, the considerable economic impact of the pest species was used as a legitimate reason for biocontrol agent introductions. However, bio- control agent introductions are also reported against a citrus scale, Unaspis yanon- ensis (Kuwana) (Section 1.54), that does not occur in commercial citrus-growing areas in Europe and whose economic impact has been negligible (CABI 2007). In another case, releases of two exotic parasitoid species were apparently made for study reasons, i.e. to investigate the potential of introduced biocontrol organisms to adapt to new hosts (Starý 1995, 2002). Biological control agents released At least 176 insect species have been introduced as biocontrol agents in European countries, of which 165 have been identified to species level (Tables 4 and 5). Among these, parasitoids (134 species) were more numerous than predators (31 species), and organisms feeding inside the pest species (endophagous; N = 72) were more numerous than externally feeding ones (ectophagous; N = 56). Most introduced BC agents were wasps (Hymenoptera, 77%), predominantly spe- cies in the families Aphelinidae, Braconidae, Encyrtidae and Eulophidae. Beetles (Coleoptera, 17%), parasitic flies (Diptera, 4%), predatory bugs (Hemiptera, 2%) 6 Introduction and Summary Ornamental Silk production 1% trees Cereals 1% Cotton 1% 2% Potato 13% Legumes 3% Lucerne 1% Forest Fruit 20% 58% Fig. 2. Commodities targeted by arthropod biological control using exotic invertebrate biological control agents. and one lacewing (Neuroptera) have also been introduced (Tables 4 and 5). At least 11 agents (6%) were introduced without identification at the species level (Table 4). The last introduction of an unidentified BC agent took place in the 1990s (Sections 1.38.2 and 1.44.5). In the case of Metaphycus anneckei Guerrieri and Noyes and Metaphycus hageni Daane and Caltagirone (Section 1.50.5), spe- cies were not identified correctly at the time they were released, and even now it is still not clear which species have been introduced into which country. The first documented introduction of an exotic arthropod BC agent into Europe was in 1897 (Section 1.26). After a first period of increased BC activities, the number of releases dropped between the 1930s and the late 1950s, which could be explained by political unrest in the Mediterranean countries (e.g. Civil War in Spain) and the appearance of the first synthetic insecticides (Fig. 3). During the 1960s, the number of introductions of BC agents increased again, which co- incided with the first appearance of books and articles documenting the adverse effects of the use of synthetic insecticides. In the majority of cases, host specificity was not evaluated experimentally or studied in the field in the native range of the agents prior to their introduction (but see Section 1.16.1). The information on host specificity given in Tables 4 and 5 is based mainly on the information found in the Crop Protection Compendium (CABI 2007) and two additional databases (Noyes 2002; Yu et al. 2005), and is therefore likely to be incomplete. However, based on this information, 16 species can be considered as monophagous, i.e. only attacking the target pest. For 7 spe- cies, all other known hosts are in the same genus, and for 62 species, in the same family as the target pest. Another 46 species are recorded from other species in Introduction and Summary 7 30 Number of agents introduced 20 10 0 11 10 31 30 91 90 51 50 71 70 21 20 41 40 61 60 81 80 0 00 01 00 01 19 –19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 20 20 –2 – – – – – – – – – > 01 19 Fig. 3. Number of exotic species introduced into European countries per decade. Only first introductions are included; several species were introduced repeatedly into Europe. the same order, while 25 species have an even broader host range, i.e. they attack species in more than one insect order. Releases in Europe also include ‘new associations’. The new association theory of biological control predicts that novel enemies that have not evolved with a target pest may be more effective in controlling the pest species than the co-evolved natural enemies (Hokkanen and Pimentel 1989). For instance, Hyssopus thymus Girault, a North American parasitoid, adopted a Lepidoptera pest of European origin in its exotic range. This parasitoid species was subsequently intro- duced and released into the native range of the pest (Section 1.49.1). Similarly, Galeopsomyia fausta La Salle, a parasitoid species from South America, was intro- duced because it adopted an Asian pest species in its native range that was also of concern to Europe (Section 1.44.4). In other cases, new associations might have been attempted, i.e. by releasing a predator beetle, known to feed mainly on aphids, against a Lepidoptera pest (Ceratomegilla maculata; Section 1.25.3). It should be noted, though, that new associations cannot be monophagous, and so non- target attack is a priori more likely. Information on the non-target attack of released agents in Europe is scarce. Post-release studies conducted on the parasitoid Aphidius colemani Viereck, a spe- cies that was introduced against several pests in Europe (Sections 1.6, 1.19, 1.32), revealed that the species also attacked aphid species on non-cultivated plant spe- cies in the Czech Republic (Section 1.19.1). While some species were released in small numbers only, others were re- leased in very large numbers (e.g. Encarsia perniciosi; Section 1.18.2). In most cases, however, the number of released individuals either is not reported or is unknown 8 Introduction and Summary (e.g. Section 1.19.1). In one case, parasitoids were released as infested hosts on twigs, which were then attached to branches in the field to release emerging adults (Section 1.47.2). Apart from the uncertainty about how many specimens have ac- tually been released, this approach also includes the risk of releasing species other than the specific parasitoid intended. The lack of pre-release studies (see above) also bears the risk of releasing bio- control agents that are not adapted to the target pest because of morphological constraints (e.g. parasitoids with short ovipositors unable to reach target pest lar- vae, see Section 1.8), the requirement of alternative hosts, or because of poor synchronization with the pest species in the introduced range (e.g. Section 1.25.4). Apparently, little attention has been given to interspecific competition between the agents released. For individual target species, up to 16 agents were released in Europe (Sections 1.8, 1.25, 1.43 and 1.50). Against Bactrocera oleae, 13 species were released in Italy alone (Section 1.8). In the case of the Lepidoptera pest Prays oleae on olives, at least five Trichogramma species were released in Greece that all occu- pied the same feeding niche, i.e. were egg parasitoids (Section 1.46). Exotic Insect Biocontrol 1 Agents Released in Europe 1.1 Acizzia uncatoides (Ferris and Klyver), Acacia Psyllid (Hem., Psyllidae) Syn. Psylla uncatoides Ferris and Klyver Acizzia uncatoides is native to Australia (Bellows et al. 1999). Its host range includes two Fabaceae genera, Acacia and Albizia (Ouvrard 2010). In 1954, it was first discovered on introduced Acacia trees in California (USA) (Nechols et al. 1995). In Europe, A. uncatoides was first reported in Italy in the mid-1970s. The spe- cies is now recorded from France, Italy, Malta, Montenegro, Portugal and Spain (Ouvrard 2010). Feeding by A. uncatoides causes foliage chlorosis and tip dieback on new growth (Koehler et al. 1966). As with other Hemiptera, the honeydew produced by the psyllid is a medium on which sooty moulds can develop and become secondary pests. Biological control has been applied successfully in California and Hawaii (USA). The list of natural enemies includes five predatory species. 1.1.1 Harmonia conformis (Boisduval) (Col., Coccinellidae) Harmonia conformis is a predatory beetle native to Australia (Waterhouse and Sands 2001). The known host range also includes other Hemiptera, i.e. six Aphididae species, unspecified Pseudococcidae and two Chrysomelidae species (Coleoptera) (CABI 2007). Harmonia conformis has been introduced against A. uncatoides in Hawaii and mainland USA (BIOCAT 2005). It was further introduced into mainland USA against another psyllid, Psylla pyricola, and Takecallis taiwanus (Aphididae), and into Hawaii and New Zealand against an unspecified aphid species (BIOCAT 2005). In 1998 and 2000, H. conformis originating from Australia was shipped to France and some 10,000 individuals were released in south-eastern France. ©E. Gerber and U. Schaffner 2016. Review of Invertebrate Biological Control Agents Introduced into Europe (E. Gerber and U. Schaffner) 9 10 Chapter 1 The species established and was also observed feeding on Acizzia jamatonica (Kuwayama) (Malausa et al. 2008). 1.2 Acyrthosiphon pisum Harris, Pea Aphid (Hem., Aphididae) Acyrthosiphon pisum is probably of Palaearctic origin, but is now distributed virtu- ally worldwide. It is recorded in Europe from all countries except Malta, Estonia, Lithuania, Slovenia, Slovak Republic and Liechtenstein, but probably also occurs in these as well. Acyrthosiphon pisum is a species complex comprising several subspecies and bio- types that preferentially colonize different host plants. Major hosts in Europe in- clude Medicago sativa L. (lucerne), Pisum sativum L. (pea), Trifolium pratense L. (purple clover), Trifolium repens L. (white clover) and Vicia faba L. (broad bean). The host range of A. pisum also includes wild species. Heavy infestations on peas can cause stunting, deformation, wilting and even death. Severe damage can occur due both to direct feeding and to virus spread. The species is a known vector of more than 30 plant virus diseases. A range of insecticides (organophosphates, carbamates and pyrethroids) have been recommended for control of A. pisum. Further, a number of synthetic cul- tivars of lucerne have been released since the early 1990s, some with increased resistance to A. pisum. Acyrthosiphon pisum has been reported as being attacked by native parasitoids. For example, Aphidius ervi and Praon barbatum have been found on A. pisum on lentil in Poland. Important predators of A. pisum occur in the families Coccinellidae, Syrphidae, Anthocoridae, Geocoridae and Chrysopidae. Birds may be significant natural enemies of this (relatively large) aphid species on sturdier legume species. The pest status of A. pisum can be further reduced by natural outbreaks of fungal diseases. Altogether, 34 parasitoid, ten pathogen and 73 predator species are re- corded to attack A. pisum. 1.2.1 Aphidius smithi Sharma and Subba Rao, lucerne aphid parasite (Hym., Braconidae) Aphidius smithi is a solitary endoparasitoid native to India and Pakistan (Fox et al. 1967). Known hosts include 33 genera and more than 70 species, all Aphidae (Yu et al. 2005). Besides Europe, it has been introduced into Argentina, Australia, Canada, Chile, Hawaii, Peru and the USA against the same target species (BIOCAT 2005). It was further released in New Zealand against another aphid pest, Acyrthosiphon kondoi Shinji (BIOCAT 2005). In Europe, it was first released in Poland in 1960, and in Czechoslovakia in 1967. Aphidius smithi established and spread to other European countries. Today, it is recorded from Andorra, Albania, Austria, Belgium, Bulgaria, Croatia, Cyprus, the Czech Republic, Exotic Insect Biocontrol Agents Released in Europe 11 Denmark, Finland, France, Germany, Greece, Ireland, Italy, Lithuania, Moldova, the Netherlands, Norway, Poland, Portugal, Russia, Slovak Republic, Spain, Switzerland and the Ukraine (Yu et al. 2005; Rasplus et al. 2010). No information on the impact of A. smithi on A. pisum was found in the literature. 1.3 Aleurothrixus floccosus Maskell, Woolly Whitefly (Hem., Aleyrodidae) Aleurothrixus floccosus appears to be of Neotropical origin, because it is widely dis- tributed in South America. Today, it is also recorded in Asia, Africa, Europe, North America and Oceania. In Europe, it was first reported in early 1966 from Spain and southern France, and later also from Cyprus, Italy, Greece, Malta, Portugal and the UK (Katsoyannos et al. 1997). Aleurothrixus floccosus is a polyphagous species, attacking more than 20 different plant genera from various families. In the Mediterranean region, it almost exclu- sively infests species of the genus Citrus. Aleurothrixus floccosus affects the host plant by sucking sap from the infested young leaves. Sooty mould growing on honeydew deposits blocks light and air from the leaves, thereby reducing photosynthesis. High infestations can be detrimental, in particular to young plants. The most important contributions to the control of A. floccosus have been through biological control programmes. In the Neotropical region, A. floccosus is controlled ef- fectively by numerous naturally occurring parasitoids. Natural enemies include 11 parasitoid (mainly from two genera), nine predator and one pathogen species. 1.3.1 Amitus spiniferus (Brèthes) (Hym., Platygastridae) Amitus spiniferus is a larval-adult parasitoid native to the Caribbean and Neotropical region. The only host recorded for this species is A. floccosus (Maskell) (CABI 2007). Besides Europe, it has also been introduced into Chile, Hawaii, la Réunion and the USA against A. floccosus (BIOCAT 2005). In 1970, 350 A. spiniferus originating from Florida and Mexico were first re- leased in southern Spain, where they became established (Greathead 1976). In 1973, A. spiniferus originating from Mexico was released in France (OPIE 1986; Malausa et al. 2008), but it is not certain whether the species has ever established there (CABI 2007). An undated release of A. spiniferus is reported for Italy (Sicily), but its establishment is considered uncertain (CABI 2007). According to the information available, A. spiniferus seems always to have been co-released with Cales noacki Howard (see below), or released in regions where C. noacki has also been released. It is therefore difficult to assess to what extent A. spiniferus has contributed to the successful control of A. floccosus. In southern Spain, where A. spiniferus was co-released with C. noacki, successful control of A. floccosus was attributed entirely to C. noacki (Greathead 1976). 12 Chapter 1 1.3.2 Cales noacki Howard (Hym., Aphelinidae) Cales noacki is native to Central America (Katsoyannos et al. 1997). Known hosts include at least 12 other Aleyrodidae and Diaspididae species, as well as the moth Phalera bucephala (L.) (Notodontidae; Noyes 2002). Besides Europe, C. noacki was introduced into Hawaii, Kenya, Mexico, Morocco, Peru, la Réunion, Tunisia, Uganda and USA against the same target species (BIOCAT 2005). In 1970, 100 C. noacki from Florida and Mexico were first released in southern Spain (Greathead 1976). In the same year, a culture of C. noacki was initiated in France, and in 1971, first releases of 400 individuals (100 females, 300 males) were made in an orchard in southern France (Onillon and Onillon 1972). Releases in Italy (Barbagallo et al. 1992) and Corsica (1973; OPIE 1986), Portugal (1978; Cavalloro and di Martino 1986), Sicily (1981; Cavalloro and di Martino 1986), Sardinia (1982; Ortu and Prota 1986; Barbagallo et al. 1992), Malta (1986; Mifsud 1997) and Greece (1992; Katsoyannis et al. 1997) followed. In Greece, inoculative releases were made four times with C. noacki obtained from Spain, and additional releases followed in 1993 (Katsoyannos et al. 1997). To date, the species is recorded from France, Greece, Italy and Malta, while its establishment in Portugal and Spain is considered uncertain (CABI 2007; Rasplus et al. 2010). Substantial control is reported from all areas where C. noacki has been released in Europe (Katsoyannos et al. 1997). For instance, by the end of 1972, the density of eggs of A. floccosus had fallen to less than 0.5% of the 1971 density in the or- chard in southern France into which C. noacki was originally released (Onillon 1973). C. noacki spread rapidly, and in early 1973 effective parasitism was recorded over 80 km² (Onillon and Onillon 1974). 1.3.3 Eretmocerus paulistus Hempel (Hym., Aphelinidae) Eretmocerus paulistus is native to South America (Myartseva and Coronado-Blanco 2007). The only known host is A. floccosus (Noyes 2002). Besides Europe, it was also introduced into the USA against the same target species (Boardman 1977). In 1970, 397 E. paulistus, originating from Florida or Mexico, were released in southern Spain. According to Greathead (1976), E. paulistus did not establish, but Rasplus et al. (2010) reported it as established in Albania. 1.4 Aonidiella aurantii (Maskell), California Red Scale (Hem., Diaspididae) Aonidiella aurantii is considered to be indigenous to South-east Asia, but it has been introduced accidentally to many other countries worldwide. Its distribution in- cludes most of the tropics, and it is also found in greenhouses in temperate areas. In Europe, it was first observed in 1960 in a few scattered locations in Italy. Today Exotic Insect Biocontrol Agents Released in Europe 13 A. aurantii is recorded from Cyprus, France, Greece (Crete), Italy (Sardinia, Sicily), Malta, Portugal (Madeira) and Spain (Canary Islands). Aonidiella aurantii feeds on numerous host plants from various families, but is known mainly as an important pest on Citrus species. It feeds on a variety of plant parts, including leaves, branches, trunks and fruits. Heavy infestations set back, or even kill, newly planted trees and reduce fruit production. Parathion was used very extensively from 1949 onwards, but one or more annual treatments were required and various pest repercussions resulted. High- pressure units for rinsing Citrus fruit in pack houses have been developed to remove A. aurantii and other armoured scale insects mechanically. During recent years, there has been an increasing effort to keep California red scale under biological control, especially in California (USA), Australia, Israel and South Africa. Overall, 41 parasitoid, 45 predator and three pathogen species have been recorded as attacking A. aurantii. 1.4.1 Aphytis holoxanthus DeBach, circular black scale parasite (Hym., Aphelinidae) Aphytis holoxanthus is a gregarious ectoparasitoid native to Asia. It was first de- scribed from material originating from Hong Kong (Katsoyannos et al. 1997). Known hosts include seven other Diaspididae species, Aspidiotus nerii Bouché, Chrysomphalus aonidum (L.), Chrysomphalus dictyospermi (Morgan), Diaspis echinocacti (Bouché), Lepidosaphes beckii (Newman), Pinnaspis strachani (Cooley) and Selenaspidus articulatus (Morgan) (Noyes 2002). Besides Europe, the species was also intro- duced into California, USA, against the same target species (BIOCAT 2005). It was further used as a biocontrol agent against another Diaspididae pest on Citrus spp., C. aonidum, and introduced into Argentina, Australia, Brazil, Egypt, Hawaii, Israel, Lebanon, Mexico, Peru, South Africa and USA (BIOCAT 2005). Between 1960 and 1962, A. holoxanthus was released at several sites in Cyprus (Greathead 1976). The released material was reared from A. holoxanthus cultures received from Israel in 1959 and 1960 (Wood 1962). At the same time, three other Aphytis spp. (A. coheni De Bach, A. lingnanensis Compere and A. melinus DeBach) were released at the same sites against A. aurantii. Aphytis holoxanthus failed to estab- lish; only single individuals were recorded during a short period after the releases (Greathead 1976). No additional releases are reported in the literature, but re- cently A. holoxanthus has been recorded in Belgium, the Czech Republic, Germany, Spain, France and the Netherlands (Rasplus et al. 2010). 1.4.2 Aphytis lingnanensis Compere (Hym., Aphelinidae) Aphytis lingnanensis is a gregarious ectoparasitoid native to China, India and Pakistan (CABI 2007). Known hosts include A. aurantii and numerous other Diaspididae species (Noyes 2002). Besides Europe, the species has also been introduced into 14 Chapter 1 Argentina, Australia, Chile, Israel, Mexico, Morocco, South Africa and the USA against A. aurantii (BIOCAT 2005). It was further used as a biological control agent against nine other Diaspididae Citrus pests and was introduced into Bermuda, Costa Rica, Cuba, Iran, Japan, Peru, the Solomon Islands and the former USSR (BIOCAT 2005; CABI 2007). Between 1960 and 1962, A. lingnanensis originating from California, USA, were released at several sites in Cyprus, together with A. melinus (see below; Wood 1962). In 1962, 5650 individuals originating from the USA were released in Greece against both A. aurantii and C. dictyospermi (Section 1.11.2). An additional 14,000 individuals were released in Crete in 1963, but apparently the species failed to es- tablish (Greathead 1976). In 1964, A. lingnanensis was also released in Sicily, Italy (Greathead 1976; Clausen 1978). Information about its establishment in Sicily is contradictory: according to BIOCAT 2005, it failed to establish, but Greathead (1976) reported establishment at one of the three sites in Sicily. To date, A. ling- nanensis is recorded from Italy as well as from Albania, Cyprus, Greece and Spain (Noyes 2002; CABI 2007; Rasplus et al. 2010). In most areas, A. lingnanensis has had a beneficial impact, either alone or along with other introduced Aphytis spp. (CABI 2007). While this species is considered to be particularly effective in coastal districts in California (De Bach et al. 1971), A. melinus (see below) has proved to be the most successful biological control agent in Greece, Italy and Turkey (Greathead 1976). 1.4.3 Aphytis melinus DeBach, golden chalcid (Hym., Aphelinidae) Aphytis melinus is a gregarious ectoparasitoid native to India and Pakistan (CABI 2007). Its host range comprises numerous Diaspididae species, including many economic- ally important ones (Noyes 2002), but also Aphis nerii Boyer de Fonscolombe (Hem., Aphididae) and Scirtothrips citri (Moulton) (Thys., Thripidae) (CABI 2007). Besides Europe, this parasitoid has also been introduced into Argentina, Australia, Chile, China, Israel, Morocco, South Africa and the USA against A. aurantii (BIOCAT 2005). It was further used in Iran, Peru and the former USSR as a biological con- trol agent against five other Diaspididae Citrus pests (BIOCAT 2005; CABI 2007). In 1961, A. melinus originating from California, USA, was first released in Cyprus (Wood 1962). In 1962, 13,000 individuals were released in Greece against both A. aurantii and C. dictyospermi (Morgan) (Section 1.11.3). Aphytis meli- nus spread quickly, established widely and largely displaced another introduced parasitoid against scale insects, Aphytis chrysomphali (Mercet) (Greathead 1976). In 1964, A. melinus originating from California was released at a site in Sicily, Italy (Greathead 1976), and additional releases were made in 1965 and 1967. In Europe, the species has also been introduced into France, Greece, Italy and Spain against other scale insects (Sections 1.7.1, 1.11.3). To date, A. melinus is recorded in Europe from Albania, Belgium, Cyprus, the Czech Republic, Denmark, France, Germany, Greece, Italy, the Netherlands, Portugal, Spain and Former Yugoslavia (Noyes 2002; CABI 2007; Rasplus et al. 2010). Exotic Insect Biocontrol Agents Released in Europe 15 Data collected in an International Organisation for Biological and Integrated Control (IOBC) cooperative project indicated that A. melinus was the most suc- cessful biological control agent against A. aurantii in Greece, Italy and Turkey (OILB 1970). Excellent control of both A. aurantii and Saissetia oleae (Olivier) has also been achieved using an integrated approach, by applying a single application of parathion and dimethoate in winter when A. melinus is inactive (Inserra 1968). 1.4.4 Comperiella bifasciata Howard (Hym., Encyrtidae) Comperiella bifasciata is a solitary endoparasitoid native to eastern Asia (China; CABI 2007). Known hosts include at least 21 Diaspididae species (Noyes 2002). Besides Europe, the species has also been introduced into Argentina, Australia, Chile, Israel, Mexico, Swaziland, South Africa and the USA against A. aurantii (BIOCAT 2005). It was further used as a biological control agent against six other Diaspididae pests and introduced into Bermuda, Israel, Egypt, Philippines and New Zealand (BIOCAT 2005). In Europe, C. bifasciata was introduced into Cyprus, France and Greece against other scale insects (Diaspididae and Coccidae) (Sections 1.11.4, 1.56.6). To date, it is recorded as present in Belgium, Cyprus, the Czech Republic, France, Greece, Hungary, Italy, Moldova, the Netherlands, Romania, Russia, Spain, Ukraine and former Yugoslavia (Noyes 2002; Rasplus et al. 2010). In 1969, C. bifasciata originating from USA was released in Greece (Greathead 1976). Since it failed to establish, a second release of individuals from Antibes, France, was made in 1972. The species became established and is also recorded as present in Greece (CABI 2007), but apparently has no major impact as a bio- logical control agent. In 1972, C. bifasciata originating from the USA was released in France (Bénassy and Bianchi 1974), by which stage, however, it was already pre- sent at the Côte d’Azur. Its economic importance is negligible. Low levels of attack were recorded, presumably because it achieved three generations a year, while the host A. aurantii only passed through two (Bénassy and Bianchi 1974). Between 1985 and 1989, C. bifasciata was introduced into Cyprus, where it established but reached only low attack levels (3.8%; Orphanides 1996). 1.5 Aphis spiraecola Patch, Green Citrus Aphid (Hem., Aphididae) Aphis spiraecola probably has its origin in the Far East, from where it has spread to many countries worldwide. As with many other aphids, it can be transported easily on fruits and ornamental plants to new areas. It is listed as being present in North America since at least 1907, and to date has a worldwide distribution in tem- perate and tropical regions. Aphis spiraecola was introduced into the Mediterranean region around 1939. To date, it is recorded from Bosnia and Herzegovina, Bulgaria, Croatia, Cyprus, France, Greece, Italy, the Former Yugoslav Republic 16 Chapter 1 of Macedonia, Malta, Montenegro, the Netherlands, Portugal, Serbia, Spain, Switzerland and the UK. Aphis spiraecola is a moderately polyphagous species. Primary (winter) hosts are Spiraea and Citrus species; secondary host plants include species in over 20 families. It feeds on a variety of plant parts including leaves, inflorescence, stems and fruits. On severely affected fruit trees, the entire yield is at risk. Direct feeding is par- ticularly damaging to young trees in spring. Sooty moulds, which thrive on aphid honeydew, contribute to the cosmetic damage of fruit, reducing its marketable value. The aphid can transmit at least ten virus species. A number of insecticide regimes have been recommended to control A. spirae- cola on its most important crop hosts; however, it has developed resistance to sev- eral insecticides. Biological control has been attempted in Israel, the USA and the former USSR using five parasitoid species (all Aphelinidae, Hymenoptera) and three Coccinellidae (Coleoptera) species (BIOCAT 2005). A range of predators have been noted for A. spiraecola, mainly Chrysopidae, Coccinellidae and Syrphidae. Harmonia axyridis is the major natural enemy controlling aphid numbers in integrated pest management programmes in Citrus spp. in the Korean Republic. Additional natural enemies include two pathogen and 12 parasitoid species. 1.5.1 Harmonia axyridis Pallas, Asian ladybird (Col., Coccinellidae) Harmonia axyridis is a polyphagous predator native to central and eastern Asia (CABI 2007). It is reported to be primarily a polyphagous arboreal species that inhabits orchards, forest stands and old-field vegetation. Known hosts include various aphid and scale species, but also immature stages of Chrysoperla carnea (Stephens) (Chrysopidae), Danaus plexippus L. (Nymphalidae) and eight species of Coccinellidae (CABI 2007). Harmonia axyridis has been used widely as a biological control agent of pest aphids and scale insects. It was favoured for biological control of aphids because of its large size, diverse dietary range, efficiency as a predator and wide niche colonization ability. Besides Europe, H. axyridis was also released in North America as early as 1916 (CABI 2007). In Europe, H. axyridis has been sold commercially as an augmentative biological control agent since 1982. Releases in the field are reported from Greece and France (Sections 1.52.1, 1.55.2). To date, it is recorded in various European countries, including Albania, Austria, Belarus, Belgium, Bulgaria, Croatia, the Czech Republic, Denmark, France, Germany, Greece, Hungary, Italy, Liechtenstein, Luxembourg, Former Yugoslav Republic of Macedonia, Montenegro, the Netherlands, Norway, Portugal, Romania, Russia, Serbia, Slovak Republic, Spain, Sweden, Switzerland, Ukraine and the UK (CABI 2007; Roy and Migeon 2010). With the establishment and rapid popula- tion build-up of H. axyridis in western Europe, significant and ongoing declines in the distribution of formerly common and widespread native ladybirds (e.g. Adalia bipunctata L.) have been reported (Roy et al. 2012). Exotic Insect Biocontrol Agents Released in Europe 17 A colony of H. axyridis was imported from France into Greece in 1993, and in 1994 adults were released in 11 Citrus orchards in four localities in Greece (Katsoyannos et al. 1997). In total, 620 adults were released at a density of 30–40 individuals/tree. In 1994, H. axyridis was recovered from seven localities (Katsoyannos et al. 1997), but it is probable that it established only temporarily (Brown et al. 2008). 1.5.2 Lysiphlebus testaceipes (Cresson) (Hym., Braconidae) Lysiphlebus testaceipes is a solitary endoparasitoid of aphids native to North America (CABI 2007). The host range includes at least 151 species from 58 genera (Yu et al. 2005). Known hosts include various other Aphis species, Melanaphis sac- chari (Zehntner), Myzus persicae Sulzer, Rhopalosiphum maidis Fitch, Schizaphis graminum (Rondani) and Toxoptera aurantii (Boyer de Fonscolombe) (Yu et al. 2005). Besides Europe, L. testaceipes has also been introduced into Argentina, Australia, Brazil, Burundi, Chile, China, Hawaii, India, Kenya, Morocco, Philippines, Tonga and the USA against other aphid pests (BIOCAT 2005; Yu et al. 2005). Similarly, in Europe, it was also released against other aphid pests, i.e. against T. aurantii in France, Italy and Spain (Section 1.52.2) and against Aphis spiraephaga Muller in the Czech Republic (Section 1.6.2). The species is further reported as being introduced into Portugal against unspecified aphids (Section 1.55.4). Lysiphlebus testaceipes established here successfully and is to date also recorded from Albania, Bosnia and Herzegovina, Bulgaria, Croatia, the Czech Republic, Denmark, France, Greece, Italy, Former Yugoslav Republic of Macedonia, Montenegro, Portugal, Serbia and Spain (Yu et al. 2005; Rasplus et al. 2010). Between 1973 and 1974, L. testaceipes was imported from Cuba to Mediterranean France for the biological control of A. spiraecola and other Citrus aphids (Starý et al. 1988). The founder population for this introduction was reared from A. nerii in Cuba and shipped to former Czechoslovakia, where it was reared on Aphis craccivora L. and Aphis fabae Scop. (Starý et al. 1988). Some 2300 mum- mies (parasitized aphids) were sent to France in 1973, followed by another 3000 mummies in 1974, to establish a rearing. In 1973, 1000 parasitoids were released in southern France and Corsica, and in 1974 an additional 1000 individuals were released in southern France and 2000 in Corsica. At the individual release sites, several dozens to 300 individuals of either parasitized live aphids, mummies and/ or adults were released, using different release methods (confined, semi-confined and open; Starý et al. 1988). Overall, L. testaceipes is considered to be a relatively successful agent against aphids (Starý et al. 1988) and to have some impact on pest numbers of A. spirae- cola (CABI 2007). However, the parasitoid cannot complete its development on A. spiraecola; parasitized aphids either die or stop producing offspring, and no fur- ther parasitoids are produced from mummies of this relatively small aphid species (CABI 2007). 18 Chapter 1 1.6 Aphis spiraephaga Muller, Spireas Aphid (Hem., Aphididae) Aphis spiraephaga was of Central Asian origin (Starý 1995), from where it dispersed westwards and was first recorded in Czechoslovakia in 1956 (Starý 1995). The species has become widely distributed in most of Europe and parts of Asia Minor, and is now recorded from Austria, Bulgaria, the Czech Republic, Denmark, Germany, the Netherlands, Romania, Slovak Republic and Sweden, and from the European part of Russia (Starý 1995). Aphis spiraephaga is associated mainly with various ornamental Spiraea shrub species (Starý 1995). Further secondary hosts in the Czech Republic include Bellis perennis L. (Asteraceae), Carum carvi L. (Apiaceae), Arabis hirsuta L. (Brassicaeae) and Valeriana officinalis L. (Valerianaceae). Occasionally, A. spiraephaga can damage ornamental plants; honeydew production covers the leaves with a sticky layer of black mould. However, the releases of two exotic parasitoid species (see below) appear mainly to have been motivated not by economic interests but by scientific interest in studying the potential of introduced biocontrol organisms to adapt to new hosts (Starý 1995, 2002). Biopesticides and metabolites from autochthonous plants were tested for the control of A. spiraephaga (Brudea 2009). The efficacy of the active ingredients spi- nosad, azadirachtin and milbecmectin reached 95–100% after 4 days. Only one parasitoid species is recorded in the literature on A. spiraephaga from its original range in Central Asia, while at least 23 species of predators and ten parasitoids are recorded from the Czech Republic (Starý 1995). 1.6.1 Aphidius colemani Viereck (Hym., Braconidae) Aphidius colemani is a solitary endoparasitoid of aphids that was initially thought to originate from India, but reclassification of two other species as junior syn- onyms of A. colemani extended its geographical range from Central Asia to the Mediterranean (CABI 2007). This endoparasitoid is recorded from 76 Aphididae host species from 32 genera (Yu et al. 2005). Primary hosts are M. persicae, M. nico- tianae Blackman and Aphis gossypii Glover, against which it has been particularly effective as a biological control agent (CABI 2007). Aphidius colemani is used mainly as a commercial biocontrol agent in glasshouses, targeting primarily M. persicae. The species is likely to have escaped from greenhouses; for instance, it acciden- tally escaped and subsequently established in cereal fields on Rhopalosiphum padi (L.) in Germany (Starý 2002). Besides Europe, it has been introduced against other aphid species in Africa, Australia, Brazil, Central America, Tonga and the USA (BIOCAT 2005; CABI 2007). In Europe, A. colemani was also introduced against Diuraphis noxia (Kurdjumov) and Melanaphis donacis (Passerini) (Sections 1.19.1, 1.32.1). It is considered established in Albania, Austria, Belgium, the Czech Republic, Denmark, Finland, France, Germany, Greece, Hungary, Ireland, Exotic Insect Biocontrol Agents Released in Europe 19 Italy, Lithuania, Malta, the Netherlands, Norway, Poland, Portugal, the Slovak Republic, Spain, Sweden, Switzerland and the UK (Yu et al. 2005; CABI 2007; Rasplus et al. 2010). Aphidius colemani was introduced into the Czech Republic from Chile and reared on A. fabae Scopoli (Starý 1995). Together with another simultaneously released parasitoid species, L. testaceipes (Section 1.5.2), 7000 individuals were re- leased in 1992, and another 8000 individuals in 1993 (Starý 1995). The establish- ment of A. colemani is considered as positive in supplementing the native parasitoid guilds, as well as in contributing to the overall biodiversity of hymenopterous parasitoids in the cultivated landscape (Starý 2002). 1.6.2 Lysiphlebus testaceipes (Cresson) (Hym., Braconidae) Lysiphlebus testaceipes is a solitary endoparasitoid of aphids native to North America (CABI 2007). Its host range includes at least 151 host species from 58 genera, all Aphidae (many Aphis species) (Yu et al. 2005). Besides Europe, the species was also introduced into Argentina, Australia, Brazil, Burundi, Chile, China (Shaanxi), India, Kenya, Morocco, Philippines, Tonga and the USA (Hawaii) against other aphid pests (BIOCAT 2005; Yu et al. 2005). It has been further recorded from Mongolia and Central and South America, where it was released against other aphid species, including A. spiraecola and T. aurantii (Sections 1.5.2, 1.52.2, 1.55.4). To date, L. testaceipes is recorded from Albania, Bosnia and Herzegovina, Bulgaria, Croatia, Czech Republic, Denmark, France, Greece, Italy, Former Yugoslav Republic of Macedonia, Montenegro, Portugal, Serbia and Spain (Yu et al. 2005; Rasplus et al. 2010). Lysiphlebus testaceipes was imported together with A. colemani from Chile to the Czech Republic and reared on A. fabae (Starý 1995). In 1992, 7000 individuals were released, followed by 8000 in 1993 (Starý 1995). Permanent establishment of this species is reported from the Czech Republic (Starý 1995). 1.7 Aspidiotus nerii Bouche, Aucuba Scale (Hem., Diaspididae) Aspidiotus nerii is considered to be native to the Mediterranean area. Today, it has a worldwide distribution, due primarily to the transport of infested plant ma- terial by humans. In Europe, it has been recorded from Bosnia and Herzegovina, Bulgaria, Croatia, Cyprus, France, Greece, Italy, Former Yugoslav Republic of Macedonia, Malta, Montenegro, Poland, Portugal, Romania, Russia, Serbia, Spain and the UK. Aspidiotus nerii is a highly polyphagous insect that has been recorded on hun- dreds of host species in over 100 plant families. Its many hosts include agricultural crops, palms, cut flowers and woody ornamentals. Major hosts include Actinidia chinensis Planchon (Chinese gooseberry), Albizia julibrissin Durazzini (silk tree), 20 Chapter 1 Citrus and Olea (olive). Aspidiotus nerii feeds on a variety of plant parts, including seedlings, flowers, fruits, leaves and stems. Usually, A. nerii is considered only a minor pest on most of its hosts. However, it is particularly important where the aesthetic value of the crop is high; for example, in cut flowers and ornamentals. In olive crops, the presence of a single scale makes the fruit unmarketable. Pruning and allowing adequate spacing between plants throughout cul- tivation can reduce the spread of infested material. Mechanical control can be achieved by scraping and scrubbing to remove scales, and chemical control is usu- ally carried out by spraying with horticultural oils (mineral oils) and organophos- phorus insecticides at critical points during the season. Aspidiotus nerii populations can be controlled successfully by natural enemies. Introductions of parasitoids for biological control are reported from Peru and Israel (BIOCAT 2005). Overall, 17 parasitoid and nine predator species are recorded on A. nerii. 1.7.1 Aphytis melinus DeBach (Hym., Aphelinidae) Aphytis melinus, a gregarious ectoparasitoid mainly of scale insects, is native to India and Pakistan (CABI 2007). Known hosts include at least 12 other Diaspididae spe- cies including many economically important species (Noyes 2002), but also A. nerii (Aphidae, Hemiptera) and S. citri (Moulton) (Thripidae, Thysanoptera) (CABI 2007). Aphytis melinus was first introduced into California (USA) from India and Pakistan in the 1950s against A. aurantii. It established successfully and was subse- quently imported into many parts of the world. Besides Europe, the species was also introduced into Peru against A. nerii and into Argentina, Australia, Chile, China, Iran, Israel, Morocco, Peru, South Africa, Turkey and the USA against other Diaspididae pest in Citrus (BIOCAT 2005; CABI 2007). In most areas, A. melinus has had a beneficial impact, either alone or along with other introduced Aphytis spp. (CABI 2007). In Europe, A. melinus has also been introduced to control two other scale insects in Cyprus, France, Italy and Spain (Sections 1.4.3, 1.11.3). Aphytis melinus is recorded in Europe from Albania, Belgium, Cyprus, the Czech Republic, Denmark, France, Germany, Greece, Italy, the Netherlands, Portugal, Spain and former Yugoslavia (Noyes 2002; CABI 2007; Rasplus et al. 2010). In 1976, A. melinus was released in Crete, Greece, against A. nerii, with some reported impact on pest numbers (OPIE 1986; CABI 2007). 1.8 Bactrocera oleae (Rossi), Olive Fruit Fly (Dip., Tephritidae) Syn.: Dacus oleae Gmelin Bactrocera oleae is considered to be native to Africa (Nardi et al. 2005), but its cur- rent distribution extends throughout the olive-growing zone worldwide, including many Asian countries, as well as California (USA) and Mexico (Nardi et al. 2005). Exotic Insect Biocontrol Agents Released in Europe 21 In Europe, it is recorded as present in Albania, Croatia, Cyprus, France, Greece, Italy, Malta, Portugal, Serbia, Slovenia, Spain and Switzerland. In Europe and Africa, B. oleae has a narrow host range, attacking only wild and cultivated olive fruits (Olea spp.). In California, trees of the families Rosaceae, Rutaceae, Anacardiaceae, Fabaceae, Lythraceae and Malpighiaceae are also in- fested, but olives are the preferred host. Bactrocera oleae is the major insect pest of olive crops worldwide, and is responsible for losses of olive oil value and table olives. Oil made from infested fruits is up to 12 times as acidic as normal. Keeping orchard areas clean of fallen fruit is a common sanitary practice that prevents many larvae from being able to emerge and pupate. Cover sprays of entire crops are sometimes used, but the use of bait sprays is more economic and more environmentally acceptable. A bait spray consists of a suitable insecticide mixed with protein bait, since both males and females are attracted to protein sources. Attempts to control B. oleae in the Mediterranean using biological control started as early as 1911. Overall, 26 parasitoid, four predator and 16 pathogen species are reported from B. oleae, of which 15 parasitoids and one predator have been released for biological control of B. oleae in Europe. 1.8.1 Belonuchus rufipennis (Fabricius) (Col., Staphylinidae) The native range of the predatory beetle Belonuchus rufipennis extends from north-eastern USA to Argentina (Frank and Barreray 2010). Known hosts in- clude Tephritidae and Drosophilidae (both Diptera; Greathead 1976), but also the sap-feeding beetle species Carpophilus humeralis (Fabricius) (Col., Nitidulidae), against which it was released as a biocontrol agent in Hawaii (BIOCAT 2005). In Europe, B. rufipennis was also released against Ceratitis capitata (Wiedemann) in Italy (Section 1.9.2). Between 1939 and 1941, B. rufipennis was released against B. oleae in Italy and established. However, no significant impact on the population density of the target species was observed (Russo 1959). 1.8.2 Biosteres longicaudatus Ashmead, longtailed fruit fly parasite (Hym., Braconidae) Syn.: Opius longicaudatus Ashmead; Diachasmimorpha longicaudata Ashmead Biosteres longicaudatus is a solitary endoparasitoid, reported as native to Taiwan and Thailand (CABI 2007). At least 31 host species are recorded from 13 genera, mainly Tephritidae species (including species in the genera Anastrepha, Bactrocera, Biosteres, Dacus and Ceratitis), but also species from other families and orders, i.e. Aphidae (Hemiptera), Noctuidae, Erebidae, Pyralidae/Crambidae and Tortricidae (Lepidoptera) and Agromyzidae (Yu et al. 2005). Besides Europe, B. longicaudatus was also introduced into Argentina, Australia, Belize, Cape Verde Islands, Costa Rica, Dominica, Ecuador, Fiji, Israel, Madagascar, Marianas, Mauritius, Mexico, 22 Chapter 1 Nicaragua, Peru, Philippines, la Réunion, Saint Kitts and Nevis, Trinidad and Tobago, the USA (Hawaii and Florida) and Zambia against 12 other Tephritidae species (BIOCAT 2005; CABI 2007). In 1952, ‘a few individuals’ of B. longicaudatus collected in Hawaii were re- leased in Greece, but none survived (Pelekassis 1974). An additional 1500 indi- viduals were released in 1966, but this number also included Fopius arisanus and Diachasmimorpha tryoni (Section 1.8.11; Clausen 1978). According to H.G. Stavraki (cited in Greathead 1976), while no B. longicaudatus have been recovered from these releases, it is now reported as established in Greece (CABI 2007). No information on its impact on the target species was found. 1.8.3 Bracon celer Szépligeti (Hym., Braconidae) Bracon celer is a solitary, ectoparasitic idiobiont native to Ethiopia, Kenya and South Africa (WaspWeb 2004–2010). It has been reported as the most abundant para- sitoid attacking B. oleae in South Africa and Kenya, with parasitism rates of up to 87% in South African olive orchards (references in Sime et al. 2006). Known field hosts also include C. capitata and Trirhithrum nigrum (Graham) (both Tephritidae, Diptera), and in the laboratory it has also developed in Parafreutreta regalis Munro, a candidate weed biological control agent for Cape-ivy (Delairea odorata Lamaire) in North America (Sime et al. 2006; Nadel et al. 2009). In 1914, B. celer was collected in Eritrea and in 1914/15, 155 individuals were released in Italy (Clausen 1978), where the species established successfully (Yu et al. 2005). Bracon celer from South Africa was also released in Greece, but failed to establish there (Robinson and Hooper 1989). According to Greathead (1971), B. celer is unsuccessful as a biological control agent because Italian olive skins are thick and only parasitoids with long ovipos- itors can parasitize easily olive fruit flies feeding inside the fruits. 1.8.4 Cirrospilus variegatus (Masi) (Hym., Eulophidae) Syn.: Zagrammosoma variegatum Masi Cirrospilus variegatus is an ectoparasitoid native to the Afrotropical region (Ethiopia, Kenya, South Africa, Tanzania, Uganda) (WaspWeb 2004–2010). Known hosts include mainly leafminers in Diptera (Tephritidae and Agromyzidae) and Lepidoptera (including Cameraria ohridella Deschka and Dimić and species in the genera Phyllonorycter, Phyllocnistis, Stigmella, Leucoptera and Lyonetia (CABI 2007; ref- erences in Yefremova 2008)). In Europe, the species is reported from Hungary, Italy, Montenegro, Serbia, Slovak Republic, Sweden and Switzerland (Noyes 2002; CABI 2007). In 1914, C. variegatus was collected in Eritrea, and in 1914/15 some 500 in- dividuals were released in Italy (Clausen 1978), where it established successfully (CABI 2007). However, the species is unsuccessful as biological control agent, Exotic Insect Biocontrol Agents Released in Europe 23 probably because its ovipositor is also poorly adapted to parasitize its host through the thick skin of Italian olives (Greathead 1971). 1.8.5 Euderus cavasolae (Silvestri) (Hym., Eulophidae) Euderus cavasolae is an ectoparasitoid native to Eritrea (WaspWeb 2004–2010). No other hosts are reported for this species (Noyes 2002). In 1914, E. cavasolae was collected in Eritrea, and in 1914/15, 1200 individ- uals were released in Italy (Clausen 1978), where it established (CABI 2007). As with the other species introduced in Italy (see above and below), Greathead (1971) argues that E. cavasolae is unsuccessful as a biological control agent because Italian olive skins are thick and only parasitoids with long ovipositors can parasitize B. oleae readily inside these fruits. 1.8.6 Eupelmus afer Silvestri (Hym., Eupelmidae) Eupelmus afer is an ectoparasitoid native to Africa. It has been reared from B. oleae feeding on cultivated and wild olives in South Africa (Wharton and Yoder 2016). No other host is reported for this species (CABI 2007). In 1914, E. afer was collected in Eritrea, and in 1914/15, 179 individuals were released in Italy (Clausen 1978). According to CABI (2007), the species has estab- lished, but it is not mentioned as present in Italy in Noyes (2002). 1.8.7 Fopius arisanus (Sonan) (Hym., Braconidae) Syn.: Opius oophilus Fullaway Fopius arisanus is an endoparasitoid from the Malaysian area (Clausen 1978). It is known from 11 host species from four Tephritidae genera (mainly Bactrocera; Yu et al. 2005). Besides Europe, it was introduced into Israel, Peru, Argentina and Central America against C. capitata (BIOCAT 2005). Fopius arisanus was also released against other Tephritidae pests in Australia, Fiji, Hawaii, Madagascar, Marianas (Guam, Saipan), Mauritius, Mexico, New Zealand, the Philippines and the USA (BIOCAT 2005). In 1959, F. arisanus obtained from Hawaii was released in Italy, but the spe- cies failed to establish (Clausen 1978). It was further released in 1966 on Rhodes, Greece, but again failed to establish (Greathead 1976). 1.8.8 Halticoptera daci Silvestri (Hym., Pteromalidae) Halticoptera daci is an ectoparasitoid native to Eritrea (Greathead 1971). It was col- lected from the soil underneath olive trees in South Africa, implying that it might 24 Chapter 1 be emerging from olive fruit fly pupae (Neuenschwander 1982). No other hosts are reported for this species (CABI 2007). However, given the low number of H. daci collected in olive fruit fly surveys, Daane and Johnson (2010) argue that this parasitoid is likely to be a polyphagous species that opportunistically attacks olive fruit fly. In 1914, H. daci was collected in Eritrea, and in 1914/15, 47 individuals were released in Italy (Clausen 1978). The species is reported as established in Italy (CABI 2007), but its impact on B. oleae is unknown. 1.8.9 Mesopolobus modestus Silvestri (Hym., Pteromalidae) Syn.: Amblymerus modestus Silvestri Mesopolobus modestus is an ectoparasitoid native to Eritrea (Greathead 1971). No other hosts are reported for this species (CABI 2007). In 1914, M. modestus was collected in Eritrea, and in 1914/15, 20 individuals were released in Italy (Clausen 1978). Apparently, the species has established in Italy (CABI 2007), but it appears to be unsuccessful as a biological control agent because of the thickness of Italian olive skins (see also Section 1.8.3; Greathead 1971). 1.8.10 Closterocerus formosus Westwood (Hym., Eulophidae) Syn.: Neochrysocharis formosa (Westwood); Achrysocharis formosa Westwood; Achrysocharella formosa Westwood Closterocerus formosus is a solitary larval endoparasitoid native to the Afrotropical region (from Ethiopia to South Africa; WaspWeb 2004–2010). Known hosts in- clude numerous species, mainly leafminers, in the order Diptera, Coleoptera, Hemiptera, Hymenoptera and Lepidoptera (Noyes 2002). In Europe, C. formosus is reported from Austria, Croatia, Czech Republic, Denmark, Finland, France, Germany, Greece, Hungary, Italy, Montenegro, the Netherlands, Poland, Serbia, the Slovak Republic, Spain, Sweden, Switzerland, the UK and former Yugoslavia (Noyes 2002; CABI 2007). In 1914, C. formosus was collected in Eritrea, and in 1914/15, 400 indi- viduals were released in Italy (Clausen 1978). The species has established but appears to be unsuccessful as a biological control agent, probably due to its short ovipositor that makes it difficult to penetrate the thick skin of Italian olives (Greathead 1971). 1.8.11 Diachasmimorpha tryoni (Cameron) (Hym., Braconidae) Syn.: Opius tryoni Cameron; Parasteres tryoni (Cameron) Diachasmimorpha tryoni is native to Australia (Carmichael et al. 2005). It is recorded from at least 18 Tephritidae species from six genera (mainly Anastrepha, Bactrocera Exotic Insect Biocontrol Agents Released in Europe 25 and Ceratitis species; Yu et al. 2005; Wharton and Yoder 2016). Besides Europe, D. tryoni has also been introduced against Tephritidae pest species into Cape Verde, Central America, Cook Islands, Egypt, French Polynesia, Guatemala, Israel, Mexico, Puerto Rico and the USA (California, Florida, Hawaii) (BIOCAT 2005; Wharton and Yoder 2016). Diachasmimorpha tryoni is one of the most im- portant species used in tephritid biocontrol programmes to date. For instance, the species continues to play an important role in suppressing C. capitata in Hawaii (Wharton and Yoder 2016). Methods for mass rearing this species for augmenta- tive biological control have been developed (Wharton and Yoder 2016). However, D. tryoni also attacks the gall-forming tephritid fly Eutreta xanthochaeta Aldrich that was introduced into Hawaii to control the invasive shrub Lantana camara L. (Duan et al. 2000). In 1966, D. tryoni collected in Hawaii was released in Greece (Rhodes; H.G. Stavraki, personal comments, in Greathead 1976). A direct release of 1500 indi- viduals of Opius spp. was made, but this number also comprised F. arisanus (Sonan) and B. longicaudatus. The species is reported as established in Greece (CABI 2007). Moreover, D. tryoni is also recorded as introduced (van Achterberg 1999) and es- tablished in Spain (Yu et al. 2005). No information on its success as a biocontrol agent in Greece or Spain has been found. 1.8.12 Phaedrotoma trimaculata (Spinola) (Hym., Braconidae) Syn.: Opius trimaculatus Spinola Phaedrotoma trimaculata is native to the Neotropical region (Yu et al. 2005). It is also recorded from Anastrepha fratercula Wiedemann, C. capitata and Drosophila flavopilosa Frey (Yu et al. 2005; Wharton and Yoder 2016). Besides Europe, it has also been introduced against C. capitata in South Africa (Yu et al. 2005). In 1937, P. trimaculata from Brazil was brought to Italy, where a total of 200 laboratory-reared individuals were released (Silvestri 1938). Although originally reported as not established (Greathead 1976), the species has recently been re- corded from Italy (CABI 2007). No information is available on its success as a biocontrol agent. 1.8.13 Psyttalia concolor Szépligeti (Hym., Braconidae) Syn.: Opius concolor Szépligeti Psyttalia concolor is a larval-pupal parasitoid native to many countries in Africa (WaspWeb 2004–2010). The discovery of P. concolor as a natural parasitoid of B. oleae was first made by P. Marchal in Tunisia in 1910 (Greathead 1976). The species is recorded from at least 12 Tephritidae species from eight genera (Yu et al. 2005). Besides Europe, this species has also been introduced against other tephritid pests (Anastrepha striata Schiner, Anastrepha suspensa (Loew), Bactrocera try- oni (Froggatt), C. capitata, Ceratitis malagassa Munro and Dacus frontalis Becker) 
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