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THE	POPULATION	ECOLOGY	OF	OAK	PROCESSIONARY	MOTH	

By	Richard	James	Sands	

The	oak	processionary	moth	(Thaumetopoea	processionea;	OPM)	 is	an	 invasive	pest	

species	that	was	introduced	to	West	London	in	2006.	Its	gregarious	larvae	pose	a	risk	

to	 forestry	and	public	health	by	defoliating	oak	 trees	and	shedding	 toxic	 setae.	 It	 is	

not	known	how	OPM	populations	will	spread	or	what	impact	they	will	have	in	the	UK,	

therefore	 the	 aim	 of	 this	 thesis	 was	 to	 explore	 the	 population	 ecology	 of	 oak	

processionary	moth	in	West	London.		

The	 thesis	 focuses	 on	 three	 key	 topics.	 Firstly	 how	 habitat	 influences	 the	

temporal	and	spatial	distribution	of	OPM	populations.	Secondly,	the	development	of	

molecular	methods	to	identify	the	parasitoids	of	OPM.	Thirdly,	the	characterisation	of	

interactions	between	OPM	and	its	main	parasitoid,	Carcelia	iliaca.	These	topics	were	

addressed	by	a	combination	of	a	 two-year	 field	study	at	 three	sites	 in	West	London	

and	lab	based	molecular	techniques.		

Oak	 processionary	moth	was	 found	 to	 have	 a	 strong	 spatially	 and	 temporally	

stable	 habitat	 preference	 for	 open	 woodland	 containing	 a	 high	 proportion	 of	 oak	

trees.	Fieldwork	and	molecular	 techniques	revealed	a	new	tachinid	 fly	 in	 the	UK,	C.	

iliaca,	a	major	parasitoid	of	OPM.	Carcelia	iliaca	was	responsible	for	the	mortality	of	

around	37%	of	moth	pupae	on	 average,	 suggesting	 that	 currently	parasitism	 is	 not	

having	a	stabilising	effect	on	OPM	populations.		
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OPM	exhibited	similar	habitat	preferences	to	continental	populations	as	well	as	

other	 processionary	 moths,	 likely	 driven	 by	 tree	 apparency.	 It	 is	 not	 clear	 how	

parasitism	 of	OPM	would	 respond	 in	 an	 outbreak	 and	 current	 parasitism	 rates	 are	

lower	 than	 those	 in	 continental	 populations.	 This	 may	 be	 a	 result	 of	 OPM	 nest	

removal,	 which	 was	 common	 management	 practice	 at	 the	 time	 of	 the	 study.	 The	

findings	 of	 this	 study	 have	 been	 used	 to	 recommend	 that	 nests	 remain	 in	 situ	 for	

longer,	to	allow	C.	iliaca	numbers	to	increase.		

Other	OPM	management	options	 include	 tree	 felling,	pesticide	application	and	

biocontrol.	 This	 study	 found	no	 evidence	 that	OPM	 control	 currently	warrants	 tree	

felling.	Biocontrol	could	be	augmented	with	the	use	of	specific	parasitoids	such	as	the	

newly	discovered	C.	 iliaca	 or	 entomopathogenic	 agents	 identified	 in	Chapter	3,	 and	

may	 be	 the	 favoured	 management	 option	 for	 stakeholders	 and	 managers,	 but	 is	

difficult	to	manage	in	the	long	term.		
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Definitions	and	Abbreviations	

	

~	Approximately		

OPM	–	oak	processionary	moth	

DBH	–	Diameter	at	breast	height		

GPS	–	Global	Positioning	System	
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Chapter	1: Biological	Invasions		

1.1 Invasion	Biology	

For	 millennia,	 geographical	 barriers	 such	 as	 mountains	 and	 oceans	 have	 limited	

species	 ranges	 (Templeton,	 1981).	 Biological	 invasion	 arises	 when	 a	 species	 is	

introduced	 to	 an	 area	 outside	 of	 its	 native	 range,	 and	 biological	 invasions	 are	 a	

pervasive	 consequence	of	globalisation	and	anthropogenic	activities	 (Hulme,	2009).	

Because	 of	 this,	 the	 discipline	 of	 invasion	 biology	 was	 established,	 seeking	 to	

understand	 and	 mitigate	 the	 effects	 of	 biological	 invasions.	 The	 first	 reference	 to	

invasion	biology	was	by	Elton	(1958),	with	the	publication	of	his	book	“The	Ecology	

of	 Invasions	by	Animals	and	Plants”.	 Since	 then,	 interest	 in	biological	 invasions	has	

grown	due	to	the	rapidly	accelerating	number	of	non-indigenous	species	(Shigesada	

&	 Kawasaki	 1997;	 Parker	 et	 al.	 1999;	 Sakai	 et	 al.	 2001;	 Leather,	 2014).	 Biological	

invasions	 can	 cause	 extensive	 and	 profound	 changes	 in	 ecosystems	 (Crooks,	 2002;	

Mooney	&	Cleland,	2001).	For	example,	species	extinctions,	such	as	those	caused	by	

the	 introduction	of	Nile	perch	 in	the	African	great	 lakes	(Miller,	1989);	alteration	of	

nutrient	 cycles	or	 fire	 regimes	 (Ashton	et	al.,	 2005;	Vilà	et	al.,	 2011)	and	economic	

loss	worldwide	(Pimentel	et	al.,	2005).		

	

Invasion	 biology	 sits	 within	 the	 wider	 domain	 of	 ecology,	 and	 offers	 the	 unique	

opportunity	to	observe	ecological	processes	 in	real-time,	which	would	otherwise	be	

difficult	 to	 replicate	empirically	with	native	 species.	This	 is	due	 to	 the	 small	 spatial	

and	temporal	scales	over	which	invasions	occur	and	biological	invasions	have	helped	

to	 form	 our	 ideas	 in	 population	 dynamics,	 community	 ecology	 and	 evolutionary	

ecology	(Callaway	&	Maron,	2006;	Sax	et	al.,	2007).	Understanding	 invasions	allows	
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the	 management	 and	 control	 of	 non-indigenous	 species	 that	 cause	 ecological	 or	

economic	damage	(Hoodle,	2004).		

	

Despite	 the	 apparent	 benefits	 to	 wildlife	 managers	 and	 the	 wider	 scientific	

community,	invasion	biology	is	not	without	its	critics	(See	Blondel	et	al.,	2014).	Some	

have	 claimed	 invasion	 biology	 is	 disconnected	 from	 ecology	 due	 to	 the	 lack	 of	

hypothesis	testing	or	generation	of	new	theories	(Davis,	2009).	Others	have	gone	so	

far	 as	 to	 call	 for	 an	 end	 to	 invasion	 biology	 as	 a	 discipline	 (Valéry	 et	 al.,	 2013).		

However,	 the	 supporters	 of	 invasion	 biology	 have	 claimed	 that	 the	 substantial	 and	

growing	 body	 of	 literature	 on	 invasion	 biology	 quells	 such	 claims	 (Simberloff	 &	

Vitule,	2014).	Invasion	biology	will	become	ever	more	important	as	we	move	into	the	

Anthropocene.	Climate	change	is	predicted	to	cause	the	movement	of	species	around	

the	 globe	 (Chen	et	 al.,	 2011)	 and	 the	 rate	 at	which	 species	 are	being	 introduced	 to	

new	areas	is	increasing	(Leather,	2014).	 	Lessons	learned	from	invasion	biology	will	

help	us	to	understand	these	changes	and	mitigate	their	potentially	negative	outcomes	

(Stohlgren	&	Schnase,	2006).		

	

One	 criticism	 of	 invasion	 biology	 is	 the	 historic	 lack	 of	 a	 framework	 to	 describe	

invasion	(Blackburn	et	al.,	2011),	but	this	has	now	generally	been	resolved	(Duncan	

et	al.,	2003;	Blackburn	et	al.,	2011).	Invasion	is	considered	less	of	an	event	and	more	

of	a	process,	consisting	of	a	number	of	stages	(Kolar	&	Lodge	2001),	although	there	is	

some	 debate	 about	 the	 exact	 number	 of	 stages	 an	 invasion	 takes	 (Davis,	 2009;	

Blackburn	et	al.,	2011).	Most	authors	agree	that	a	successful	invasion	has	three	main	

stages:	 colonisation,	 establishment	 and	 expansion	 (Lockwood	 et	 al.,	 2013).	

Understanding	these	stages	is	a	fundamental	component	of	invasion	biology,	as	each	

stage	is	influenced	by	what	occurs	in	the	preceding	stage	(Kolar	&	Lodge,	2001).	The	

first	 stage	 of	 colonisation	 involves	 overcoming	 physical	 barriers	 that	 prevent	 the	

movement	of	invaders.	Whether	intentional	or	accidental,	humans	play	a	vital	role	in	

facilitating	invaders’	movement	across	these	boundaries	(Hawkes,	1978;	Brockerhoff	

et	 al.,	 2006).	 Although	 not	 every	 invasion	 is	 a	 result	 of	 human	 activity,	 the	 vast	

majority	have	resulted	from	human-assisted	transport	(Keller	&	Lodge,	2007).	
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Following	colonisation	is	establishment.	In	this	stage,	populations	typically	consist	of	

a	few	individuals	(Sax	et	al.,	2005)	and	will	generally	be	limited	to	a	small	spatial	area.	

This	means	 that	 stochastic	events,	 such	as	unfavourable	weather	events	 can	have	a	

disproportionately	 greater	 influence	 on	 the	 establishing	 population,	 compared	 to	 a	

large	or	dispersed	population	(Frankham	et	al.,	2002).	Random	demographic	changes,	

such	as	birth	rate	can	also	 impact	smaller	populations	disproportionately	(Engen	et	

al.,	 1998).	 A	 minimum	 number	 of	 individuals	 are	 needed	 in	 order	 to	 maintain	 a	

population	and	below	this	number	 the	population	moves	 towards	extinction	due	 to	

decreasing	 population	 growth	 (Courchamp	 et	 al.,	 1999).	 This	 process	 is	 called	 the	

Allee	 effect	 (Allee,	 1932)	 and	 can	 be	 a	 fundamental	 force	 on	 non-indigenous	

populations	(Taylor	&	Hastings,	2005).	Causes	of	Allee	effects	include	failure	to	locate	

mates	 (Berec	 et	 al.,	 2001),	 and	 inbreeding	 depression	 (Gerloff	 &	 Schmid-Hempel,	

2005).	This	means	that	random	events	and	Allee	effects	may	result	in	the	extinction	

of	a	low-density	non-indigenous	population	before	they	even	establish	(Williamson	&	

Fitter,	1996).	

	

Expansion	 is	 the	 final	 stage	 of	 the	 invasion	 process.	 Here,	 population	 density	

increases	and	random	movement	of	individuals	will	gradually	increase	the	population	

range	 along	 a	 ‘population	 front’,	 assuming	 conditions	 are	 suitable	 for	 the	 invader	

(Skellam,	1951).	 Individuals	will	 gradually	 colonise	new	areas	 from	 the	edge	of	 the	

population	 front,	 which	 is	 a	 type	 of	 diffusive	 spread	 (Kareiva,	 1983;	Wilson	 et	 al.,	

2009)	and	results	in	a	continuous	expansion	in	range	(Skellam,	1951).	Alternatively,	

founding	 populations	 may	 disperse	 over	 short	 and	 long	 distances	 (stratified	

dispersal)	 to	 form	 isolated	populations.	 Such	dispersal	 events	may	be	 facilitated	by	

wind	for	example	(Venette	&	Ragsdale,	2004),	although	humans	often	 inadvertently	

facilitate	 dispersal	 over	 long	 distances,	 especially	 for	 small	 inconspicuous	 species	

(Liebhold	et	al.,	1992;	Muirhead	et	al.,	2006).	These	 isolated	populations	eventually	

combine	with	the	advancing	population	front,	resulting	in	an	increased	rate	of	spread	

compared	to	diffusion	alone	(Clark,	1998).		
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Biological	invasions	often	play	out	for	some	time	before	they	are	noticed.	Such	a	time	

lag	 may	 be	 due	 to	 some	 invasive	 populations	 initially	 declining,	 before	 slowly	

increasing	 over	 several	 years	 (Memmott	 et	 al.,	 2005),	 either	 caused	 by	 adaptive	

evolution	 to	 the	 new	 environment,	 which	 occurs	 over	 several	 generations	 (Lee,	

2002),	or	through	favourable	habitat	alterations	by	the	non-indigenous	species	(Rilov	

et	 al.,	 2004).	 Evolution	 is	 an	 important,	 but	 often	 dismissed	 factor	 in	 biological	

invasions.	A	reduction	in	genetic	diversity	as	a	result	of	a	small	founding	population	is	

not	 always	 observed	 (Roman	 &	 Darling,	 2007),	 and	 adaptive	 evolution	 does	 not	

necessarily	 take	 a	 long	 timeframe.	 There	 is	 evidence	 that	 rapid	 adaptive	 evolution	

takes	place	in	multiple	non-indigenous	species	(Reznick	&	Ghalambor,	2001;	Moles	et	

al.,	 2012).	 However,	 the	 time	 lag	 may	 simply	 reflect	 the	 time	 needed	 for	 the	

population	to	reach	densities	that	are	detectable	(Siegert	el	al.	2014).	Despite	many	

monitoring	initiatives	for	particularly	damaging	species,	non-indigenous	pest	species	

have	 been	 detected	 by	 chance	 events	 (Straw	 et	 al.,	 2016)	 and	 highlights	 the	

fundamental	difficulty	in	monitoring	and	detecting	invasions	and	the	need	to	develop	

new	and	improved	monitoring	techniques	for	invasion	pathways.		

	

Understanding	 how	 non-indigenous	 species	 spread	 is	 important	 for	 their	 future	

management	and	a	range	of	models	have	been	developed	for	this	end	by	simulating	

population	 expansion	 (Skellam,	 1951;	 Jankovic	 &	 Petrovskii,	 2014).	 The	 simplest	

model	most	often	applied	to	non-indigenous	populations	is	an	exponential	population	

growth	model	combined	with	a	model	of	Fickian	diffusion	(Fisher,	1937).	This	type	of	

model	 has	 been	 used	 to	 successfully	 predict	 the	 spread	 of	 a	 wide	 range	 of	 taxa	

(Skellam,	 1951;	 Lubina	 &	 Levin,	 1988).	 More	 detailed	 models	 have	 also	 been	

developed,	 such	 as	 habitat	 suitability	models,	which	map	 specifically	where	 a	 non-

indigenous	species	 is	most	 likely	 to	spread	(Buchan	&	Padilla,	2000;	Williams	et	al.,	

2008).	 Models	 incorporating	 cost	 effectiveness	 and	 optimal	 surveillance	 have	 also	

been	 designed	 for	 non-indigenous	 species,	 in	 order	 to	 maximize	 limited	 resource	

distribution	in	monitoring	and	management	policies	(e.g.	Mehta	et	al.,	2007;	Hauser	&	

Homans	&	Horie,	 2011;	 Epanchin-Niell	 et	 al.,	 2012).	 The	most	 effective	models	 are	

based	 on	 empirical	 data	 and	 observations.	 However,	 some	 parameters	 may	 be	

unknown	 and	 based	 on	 assumptions.	 For	 example,	models	may	 rely	 on	 individuals	
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being	randomly	dispersed	in	the	environment	(Epanchin-Niell	et	al.,	2012).	However,	

individuals	rarely	distribute	evenly	and	are	often	over-dispersed	(With	et	al.,	1997).	

Models	should	therefore	not	be	used	as	a	substitute	for	empirical	evidence	of	how	an	

invader	is	moving	in	its	new	environment.		

	

Perhaps	the	biggest	problem	with	 invasion	biology	is	the	confusion	in	the	 literature	

about	 the	 term	 ‘invasive’	 and	 its	 perceived	 synonymy	 with	 ‘non-native’	 (Davis	 &	

Thompson,	2001;	Richardson	et	al.,	2000;	Daehler,	2003;	Rejmánek	et	al.,	2002;	Pyšek	
et	al.,	2004).	Davis	et	al.	(2011)	has	proposed	that	organisms	should	be	assessed	on	

their	environmental	impact	rather	than	if	they	are	native	are	not,	and	gives	examples	

of	non-native	species	that	cause	no	harm,	or	actually	benefit	their	new	area,	an	idea	

first	proposed	by	Thompson	et	al.	(1995).	Clearly	there	is	much	debate	surrounding	

invasion	 biology.	 However,	 what	 the	 literature	 clearly	 demonstrates	 is	 that	 non-

native	species	often	have	the	biggest	impact	on	islands	(D’antonio	&	Dudley,	1995).		

	

Unlike	 invasive	 species,	 the	 terminology	 around	 pest	 species	 is	 much	 clearer,	 and	

they	are	undoubtedly	defined	as	causing	detrimental	effects	to	humanity	in	the	form	

of	economic	damage,	risks	to	human	health	or	competition	for	resources,	and	may	be	

native	 or	 non-indigenous	 species	 (Davis	 et	 al.,	 2011).	 The	 UK	 has	 seen	 a	 dramatic	

increase	in	the	number	of	non-indigenous	pest	species	arriving	on	its	shores	since	the	

turn	 of	 the	 millennium,	 especially	 those	 associated	 with	 forestry	 (Leather,	 2014).	

Some	notable	examples	 include	horse-chestnut	 leaf	miner,	which	was	 first	 found	 in	

2002	and	has	rapidly	expanded	in	much	of	England	(Straw	&	Tilbury,	2006),	the	pine-

tree	 lappet	 moth,	 which	 has	 been	 established	 in	 Scotland	 since	 2004	 (Forestry	

Commission,	 2004),	 and	 the	 oak	 processionary	 moth,	 established	 in	 London	 since	

2006	(Townsend,	2013).	
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1.2 The	oak	processionary	moth		

1.2.1 Biology	

The	oak	processionary	moth	Thaumetopoea	processionea	(L.)	(henceforth	referred	to	

as	 OPM)	 is	 a	 univoltine	 Lepidopteran	 that	 feeds	 on	 various	Quercus	 species.	 It	 is	 a	

thermophilic	 species	 that	 appears	 to	 favour	 forest	 edges,	 oak	 avenues	 and	 open	

woodland	(Stigter	et	al.,	1997),	but	can	occasionally	be	found	in	denser	broadleaved	

woodland	(Dissescu	&	Ceianu,	1968).	OPM	 larvae	hatch	 from	overwintering	eggs	 in	

April	 or	 May	 (Meurisse	 et	 al.,	 2012),	 and	 is	 timed	 to	 coincide	 with	 oak	 budburst	

(Wagenhoff	&	Veit,	 2011).	 After	 hatching,	 neonate	 larvae	 form	 gregarious	 colonies,	

consisting	of	 full	siblings.	These	colonies	are	often	 inconspicuous	and	remain	at	 the	

tops	of	trees	(Wagenhoff	et	al.,	2013).	Larvae	have	six	developmental	stages	(instars)	

and	from	instar	three	to	six	the	larvae	carry	large	numbers	of	small	barbed	setae	that	

contain	 the	 urticating	 toxin	 thaumetopoein	 as	 a	 protection	 against	 vertebrate	

predators	(Fenk	et	al.,	2007).	Setae	are	fine,	hair	like	structures	about	50	–	400	μm	in	

length	held	on	specialised	organs	arranged	dorsally	on	 the	abdomen	(Battisti	et	al.,	

2011).	When	 larvae	are	disturbed,	 the	 setae	become	detached	and	when	 in	 contact	

with	 skin,	 cause	 contact	 dermatitis,	 irritation	 and	 ocular	 and	 respiratory	 problems	

(Speigel	et	al.,	2004).		

	

Larvae	 from	 the	 third	 instar	 onwards,	 usually	 feed	 nocturnally	 on	 oak	 leaves	 and	

return	 to	 	 ‘nests’	or	 ‘tents’	on	 the	main	 trunk	of	 the	 tree	during	 the	day	 (Figure	1).	

OPM	 create	 nests	 to	 protect	 against	 predation,	 parasitism	 and	 adverse	 weather	

conditions,	 and	 create	 stable	 temperatures	 for	 pupation	 (e.g.	 Breuer	 &	 Devkota,	

1990).	 When	 moving,	 larvae	 congregate	 together	 to	 form	 a	 procession,	 with	 each	

larvae	 following	 closely	 behind	 the	 one	 in	 front	 (Figure	 2),	 often	 following	 feeding	

trails	leading	from	the	nest	to	the	canopy.	Nests	are	constructed	of	silk	and	over	time	

become	contaminated	with	shed	hairs	and	setae,	 frass	and	shed	larval	skins.	Larvae	

form	cocoons	and	pupate	in	their	nests	from	mid-	June	through	to	the	end	of	July.		
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Adult	moths	emerge	usually	 in	 the	evening	 (Lobinger,	2012),	between	 late	 July	and	

mid	 September	 (Wagenhoff	&	Delb,	 2011;	Williams	et	 al.,	 2013).	 They	only	 live	 for	

four	or	five	days	and	adult	moths	do	not	eat	or	drink.	Adult	females	use	pheromone	

attractants	 to	attract	males.	After	mating,	 females	deposit	eggs	 in	 the	upper	canopy	

on	terminal	branches	in	multiple	rows	of	between	50	to	200	eggs,	which	are	covered	

in	scales	for	protection	(Dissescu	&	Ceianu,	1968).	The	eggs	are	highly	freeze	tolerant,	

surviving	temperatures	as	low	as	-30°C	(Meurisse	et	al.,	2012)	and	hatch	in	April	or	

May	the	following	year.		

	

Not	 much	 is	 known	 about	 the	 parasites	 and	 predators	 of	 OPM.	 Species	 that	 may	

predate	 or	 parasitise	 OPM	 include	 natural	 enemies	 such	 as	 chalcid	 wasps	

(Hymenoptera),	 tachinid	 flies	(Carcelia	 iliaca	and	Pales	processionea),	 ichneumonids	

(Pimpla	 processionea,	P.	 rufipes,	Coccygomimus	 turionellae,	Theronia	 atalantae)	 and	

pteromalids	(Dibrachys	cavus,	Psychophagus	omnivorus,	Pteromalus	puparum),	(Tiberi	

&	 Bin,	 1988;	 Stigter	 et	 al.,	 1997).	 Carabidae	 beetles	 (Calosoma	 inquisitor	 and	 C.	

sycophanta)	 and	 a	 silphid	 beetle	 (Xylodrepa	 quadripunctata).	 Some	 Hemiptera,	

including	 reduviid	 bugs	 (Rhinocoris	 iracundus	 and	 R.	 annulatus)	 as	 well	 as	 the	

Pentatomidae	Troilus	luridus	(Dissescu	&	Ceiaru,	1968;	Maksymov,	1978).	Generalist	

predators	 such	 as	 ants,	 wasps	 and	 birds	 (cuckoo,	 hoopoe)	 have	 been	 recorded	

predating	on	the	closely	related	pine	processionary	moth	and	may	also	feed	on	OPM	

larvae	or	adults,	and	(Barbaro	&	Battisti,	2011).		

	

Indirect	 interactions	 between	 OPM	 and	 other	 species	 likely	 exist	 but	 are	 yet	 to	 be	

documented.	For	example,	 it	 is	 likely	that	in	constructing	nests,	OPM	creates	shelter	

for	other	arthropod	species.	This	has	been	reported	in	the	pine	processionary	moth,	

whose	nests	have	been	found	to	contain	eleven	different	arthropod	orders	(Branco	et	

al.,	2008).	
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Figure	 1.	 OPM	 nest	 constructed	 of	 silk	 on	 an	 oak	 tree	 in	 London	 (Forestry	

Commission,	2013)	

	

Figure	2.	OPM	larvae	moving	in	procession	on	an	oak	tree	observed	during	fieldwork	

in	2014	at	Richmond	Park	(Sands,	2014).	
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1.2.2 OPM	populations	in	Europe	

OPM	is	native	to	South	Eastern	Europe	and	some	Middle	Eastern	countries	(Battisti	et	

al.,	 2015).	 However,	 OPM	 has	 been	 present	 in	 much	 of	 the	 rest	 of	 Europe,	 if	

sporadically,	for	the	past	200	years.	In	the	North,	its	range	limit	is	Germany	and	the	

Netherlands.	To	the	North	East,	 the	southern	part	of	Poland	and	Ukraine.	There	has	

been	no	evidence	of	long-term	latitudinal	shift	as	a	result	of	climate	change	(Groenen	

&	Meurisse,	2012).	However,	 the	range	of	OPM	is	still	 restricted	when	compared	to	

that	of	oaks,	 suggesting	 that	OPM	range	may	change	 if	 climate	changes	 in	Northern	

Europe.	In	Northern	Europe,	it	is	thought	that	low	temperatures	in	early	spring	affect	

neonate	 survival	 (Wagenhoff	 &	 Veit,	 2011;	 Meurisse	 et	 al.,	 2012),	 currently	

preventing	expansion	Northwards.		

	

OPM	 is	 an	 outbreaking	 species,	 where	 populations	 erupt	 with	 an	 unpredictable	

nature	and	cause	 severe	 tree	defoliation.	For	example,	 in	Bavaria	an	OPM	outbreak	

between	 2000	 and	 2009	 lead	 to	 the	 death	 of	 between	 10-15%	 of	 oaks	 (Lobinger,	

2011).	These	outbreaks	occur	throughout	the	range,	but	appear	to	be	more	severe	at	

the	 range	 edges	 (Furth	 &	 Halperin,	 1979;	 Jans	 &	 Franssen,	 2008).	 	 Outbreaks	 are	

highly	 synchronised	 over	 small	 areas	 (~30	 km;	 Battisti	 et	 al.,	 2015),	 a	 feature	 still	

apparent	over	 larger	distances.	For	example,	between	1995	and	1996,	 there	was	an	

outbreak	 that	 occurred	 simultaneously	 in	 France,	 Belgium,	 The	 Netherlands	 and	

Germany,	 followed	 by	 a	 steep	 population	 decline	 in	 1997	 (Groenen	 &	 Meurisse,	

2012).	 	 The	 causes	 of	 these	 outbreaks	 remain	unknown,	 and	 it	 is	 debated	whether	

OPM	outbreaks	are	cyclical	(Wagenhoff	&	Veit,	2011).	Outbreaks	in	the	related	pine	

processionary	moth	do	exhibit	cyclical	dynamics	of	between	seven	and	nine	years	in	

France	(Li	et	al.,	2015),	although	they	are	not	synchronous	across	the	whole	country,	

whereas	outbreaks	in	neighbouring	regions	with	similar	climate	are	synchronous	(Li	

et	al.,	2015).		

	

Outside	of	outbreaks,	average	OPM	density	has	also	been	increasing.	For	example,	in	
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the	 Netherlands,	 populations	 of	 OPM	 have	 increased	 9	 orders	 of	magnitude	 in	 ten	

years	(Stigter	et	al.,	1997;	Jans	&	Franssen,	2008).	However,	the	specific	causes	of	this	

increase	 remain	 unknown	 (Fransen	 et	 al.,	 2006;	 Forestry	 Commission,	 2007;	 van	

Oudenhove,	2009).	One	possible	explanation	is	dry,	hot	periods	in	late	spring,	which	

appears	to	support	greater	densities	of	OPM,	especially	if	the	warm	period	lasts	2-3	

consecutive	years	 (Klapwijk	et	al.,	 2013).	Over	 the	past	150	years	 there	has	been	a	

significant	 warming	 in	 the	 climate	 (Crowley,	 2000).	 In	 Europe,	 there	 has	 been	 an	

increase	 in	 the	 duration	 and	 frequency	 of	 heat	 waves	 (Della-Marta	 et	 al.,	 2007),	 a	

trend	 that	 is	 predicted	 to	 continue	 (Schar	 et	 al.,	 2004).	 This	 suggests	 that	 if	 future	

climate	models	were	correct,	 there	would	be	an	 increase	 in	OPM	range	and	density	

across	much	of	Europe.		

	

1.2.3 OPM	invasion	of	UK	

The	dispersal	ability	of	OPM	is	not	fully	known,	but	it	has	been	inferred	that	males	are	

able	to	disperse	distances	of	around	50	–	100	km,	based	on	captures	from	light	traps	

in	countries	where	OPM	is	not	present,	such	as	Denmark	(Lovgren	&	Dalsved,	2005).	

However,	 female	 dispersal	 is	 much	 shorter,	 with	 estimates	 based	 on	 observations	

ranging	from	5	to	20	km	(Stigter	et	al.,	1997;	Groenen	&	Meurisse,	2012).	However,	

these	are	likely	to	be	at	the	extreme	of	female	flight	capability	and	most	adult	females	

probably	 only	 move	 0.5-1.0	 km	 from	 where	 they	 emerge.	 Consequently,	 it	 is	 very	

unlikely	 that	 adult	 females	 are	 capable	 of	 crossing	 the	 English	 Channel	 naturally.	

However,	 other	 invasion	 pathways	 exist,	 such	 as	 the	 importation	 of	 nursery	 stock,	

live	oak	trees,	branches	and/or	woody	material	that	may	contain	OPM	larvae	or	eggs.		

	

Up	until	2006,	the	only	confirmed	cases	of	OPM	on	British	soil	were	males	obtained	

from	 light	 traps	 on	 the	 south	 and	 east	 coast	 of	 England	 and	 the	 Island	 of	 Jersey,	

(Wedd,	2002;	Clancy,	2008).	However,	this	changed	in	2006	when	OPM	was	detected	

at	two	sites	in	West	London	(Townsend,	2013).	The	first	was	a	housing	development	

in	 Richmond.	 After	 people	 began	 complaining	 about	 insect	 bites,	 the	 Richmond	

Environmental	Health	Department	investigated	the	site	and	OPM	was	later	identified	

as	 the	 cause.	 It	 is	 believed	 that	OPM	had	been	 introduced	 on	 semi-mature	 Cypress	
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oaks	(Quercus	robur	var.	fastigiata),	which	had	been	imported	from	mainland	Europe	

and	planted	at	 the	housing	development	 the	previous	year.	The	second	site	was	on	

the	slip	road	of	the	A40	between	Ealing	and	Brent,	and	OPM	is	also	thought	to	have	

been	introduced	on	imported	trees.	At	the	time	of	detection	it	was	estimated	that	the	

OPM	population	was	around	10,000	larvae	(Townsend,	2009).		

	

Eradication	of	OPM	in	these	initial	foci	was	attempted	and	all	of	the	infested	trees	in	

Richmond	 and	 Ealing	 were	 sprayed	 with	 pesticide	 and	 surveys	 of	 the	 local	 area	

revealed	115	OPM	nests,	which	were	removed	and	destroyed.	However,	 surveys	by	

contractors	 the	 following	 year	 detected	 708	 nests	 in	 Ealing,	 Brent,	 Richmond,	

Hounslow	 and	 Chiswick,	 which	 were	 later	 removed	 and	 destroyed	 (Parks,	 2012).	

Management	 of	 OPM	 was	 then	 formally	 assigned	 to	 the	 Forestry	 Commission,	

working	with	Forest	Research,	the	Royal	Botanic	Gardens	at	Kew,	DEFRA,	the	Health	

Protection	Agency	and	Richmond	and	Ealing	Borough	Councils.	

	

The	 European	 Food	 Safety	 Authority	 has	 concluded	 that	 OPM	 has	 the	 potential	 to	

have	 negative	 effects	 on	 oak	 health	 in	 the	UK,	 although	 there	 is	 currently	 a	 lack	 of	

evidence	 to	 determine	 the	 exact	 impact	 that	 OPM	 will	 have	 (EFSA,	 2009).	 No	

widespread	defoliation	has	been	reported	 in	 the	UK	to	date,	and	the	 first	 tree	 to	be	

completely	defoliated	by	OPM	occurred	in	West	London	in	2014	(Straw,	pers	comm).	

Defoliation	 caused	 by	 OPM	 can	 weaken	 trees	 and	 leave	 them	 susceptible	 to	 other	

stressors	(Thomas	et	al.,	2002).	In	Germany,	a	combination	of	pressure	from	OPM	and	

other	insects,	combined	with	drought	the	previous	year,	led	to	the	felling	of	some	of	

the	 trees	within	 the	 stand	where	 the	 outbreak	 occurred	 (Wulf	&	Pehl,	 2005).	Oaks	

have	been	suffering	from	decline	since	the	early	1900s	(Robinson,	1927),	caused	by	a	

combination	 of	 biotic	 and	 abiotic	 factors	 (Manion	&	 Lachance,	 1992).	 One	 of	 these	

pressures	 is	 acute	 oak	 decline,	 where	 trees	 show	 rapid	 decline	 over	 3-5	 years	

(Denman	 &	 Webber,	 2009),	 and	 may	 be	 exacerbated	 by	 pressures	 from	 OPM	

defoliation.		
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Processionary	moth	defoliation	can	have	a	significant	impact	on	tree	growth	(Jacquet	

et	al.,	2012)	and	could	therefore	damage	commercial	forestry.	Furthermore,	the	costs	

involved	with	controlling	OPM	could	affect	the	profitability	of	timber	production.	The	

value	 of	 commercial	 forestry	 to	 the	 UK	was	 estimated	 to	 be	 around	 £6.7	 billion	 in	

2011	(Khan	et	al.,	2013),	with	the	majority	of	timber	being	softwood	(Smith	&	Gilbert,	

2003).	More	valuable	is	the	contribution	that	forests	make	to	the	environment	and	to	

society,	 estimated	 to	 be	 worth	 £29.2	 billion	 in	 2002	 (Willis	 et	 al.,	 2003).	 Quercus	

species	make	up	between	9%	and	14%	of	forests	in	the	UK	(Smith	&	Gilbert,	2003).	

Therefore,	OPM	have	the	potential	to	cause	large	economic	and	social	impacts.	Evans	

(2007)	 suggests	 that	 tourism	 in	 areas	 such	 as	 the	 New	 Forest	 and	 Forest	 of	 Dean	

could	 be	 negatively	 affected	 by	 OPM	 defoliation	 and	 the	 publicity	 associated	 with	

OPM	 larvae.	 OPM	 can	 also	 have	 an	 impact	 on	 livestock	 and	 other	 animals,	 such	 as	

New	 Forest	 ponies.	 For	 example,	 horses	 in	 the	 Netherlands	 became	 ill	 after	

consuming	hay	contaminated	with	OPM	hairs	(Spijker,	2007).		

	

Although	 the	 initial	 British	 populations	 of	 OPM	 were	 relatively	 small,	 continental	

populations	 of	 OPM	 have	 caused	 widespread	 defoliation	 in	 Germany	 and	 The	

Netherlands	(Wagenhoff	&	Veit,	2011)	and	there	is	a	concern	that	British	populations	

would	 exhibit	 similar	 characteristics.	 Further,	 there	 is	 also	 a	 public	 health	 issue	

associated	with	OPM	from	the	toxins	held	 in	 larval	setae	(Maier	et	al.,	2003).	These	

issues	 are	 of	 particular	 concern	 in	 heavily	 urbanized	 and	 densely	 populated	 areas	

such	 as	 west	 London	where	 people	 are	 at	 risk.	 In	 2016	 a	 total	 of	 12	 people	were	

affected	by	contact	with	OPM	(Forestry	Commission,	2016).	Therefore	a	program	of	

eradication	 was	 drawn	 up	 (Forestry	 Commission,	 2013).	 Since	 2007,	 the	 Forestry	

Commission	has	organized	contractors	to	survey	the	main	outbreak	area	and	a	buffer	

zone	 of	 2km	outside	 the	main	 outbreak	 area	 for	 signs	 of	OPM	nests	 or	 defoliation,	

using	a	combination	of	ground	based	visual	surveys	and	pheromone	traps	(Forestry	

Commission,	2013).	Where	OPM	are	found,	Statutory	Plant	Health	Notices	have	been	

issued	to	landowners	specifying	the	control	measures	that	need	to	be	carried	out.	A	

total	of	437	Statutory	Plant	Health	Notices	were	issued	outside	of	the	main	outbreak	

area	in	2016	(Forestry	Commission,	2016).		
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There	are	two	main	control	measures	used	for	OPM.	The	first	 is	manually	removing	

nests	 and	 destroying	 them	 (usually	 by	 incineration)	 before	 the	 main	 adult	 flight	

period.	 Secondly,	 applying	 pesticide	 to	 trees	 containing	OPM.	 The	 pesticide	 used	 is	

Dipel_DF,	 a	 biological	 pesticide	 based	 on	 Bacillus	 thuringiensis	 (BT).	 BT	 is	 most	

effective	against	the	1st,	2nd	and	3rd	larval	instars	and	is	therefore	sprayed	early	in	the	

season,	usually	in	May,	at	the	time	when	oak	trees	are	flushing	(Schnepf	et	al.,	1998).	

The	strain	of	BT	used	in	Dipel-DF,	Bt	var	kurstaki,	 is	specific	to	Lepidoptera	and	the	

pesticide	acts	after	ingestion	by	disrupting	the	gut	tissues,	causing	the	caterpillars	to	

stop	 feeding	 and	 preventing	 them	 from	 taking	 up	 nutrients.	 They	 quickly	 die	 from	

starvation	 (Glare	 &	 O’Callaghan,	 2000).	 BT	 is	 used	 to	 control	 OPM	 in	 continental	

Europe	 (Roversi,	 2008)	 and	 has	 been	 used	 successfully	 to	 control	 gypsy	 moth	

outbreaks	 in	 North	 America	 (Nealis,	 2009).	 Its	 use	 has	 been	 found	 to	 be	 highly	

effective	 in	reducing	OPM	numbers	 in	Richmond	Park	(N.	Straw,	unpublished	data).	

Nearly	 all	 spraying	 is	 carried	 out	 from	 the	 ground	 using	 vehicle-mounted	 mist-

blowers,	but	this	method	of	application	does	not	reach	the	top	of	tall	trees	and	is	hard	

to	apply	in	densely	wooded	areas	that	are	inaccessible	to	vehicles.		

	

Despite	continual	management,	the	number	of	OPM	nests	detected	and	removed	each	

year	 continues	 to	 grow.	 The	 first	 widespread	 survey	 in	West	 London	 during	 2007	

revealed	 708	OPM	 nests.	 At	 the	 start	 of	 research	 for	 this	 thesis	 in	 2013,	 a	 total	 of	

4,756	nests	were	found,	which	had	increased	to	11,154	nests	at	the	time	fieldwork	for	

this	 thesis	 came	 to	 an	 end	 in	 2016	 (Forestry	 Commission,	 2016).	However,	 10,163	

nests	were	 found	 in	 2012,	 53%	higher	 than	 in	 2013	 (Forestry	 Commission,	 2013).	

There	is	also	anecdotal	evidence	that	nests	were	smaller	in	2013	compared	to	2012.	

It	 is	 thought	 that	a	combination	of	BT	spraying	and	an	extended	winter	caused	this	

reduction	in	number	and	size	of	nests.	However,	the	number	of	nests	reported	might	

not	 reflect	 the	 actual	 number	 of	 nests	 present,	 which	 can	 be	 highlighted	 by	 the	

number	of	OPM	within	Richmond	Park,	Surrey.	Richmond	Park	is	a	large	area	of	semi-

natural	 woodland	 and	 parkland.	 The	 park	 carries	 out	 visual	 surveys	 of	 OPM	 nests	

followed	 by	 the	 manual	 removal	 of	 nests.	 All	 the	 nests	 found	 by	 surveys	 were	

removed	 until	 2014,	 where	 some	 nests	 were	 left	 due	 to	 time	 and	 resource	

constraints.	 In	 2015,	 a	 total	 of	 7,900	 nests	 were	 removed.	 However,	 there	 was	 an	
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estimated	30,000	remaining	nests	in	the	park	(Figure	3).	

	

OPM	 is	 spreading	 at	 a	 rate	 of	 around	 0.9	 km	 per	 year	 in	 West	 London	 (Forestry	

Commission,	 2013)	 and	 now	 occupies	 large	 areas	 of	 >400	 km2	 (Figure	 4).	 After	

continual	 year-on-year	 range	 expansion	 and	 increases	 in	 nest	 numbers,	 it	 was	

concluded	 that	 it	 was	 impossible	 to	 eradicate	 OPM	 from	 the	 UK.	 Therefore	 the	

management	policy	of	OPM	changed	in	2011	to	one	of	containment	for	the	main	area	

of	 infestation	 but	 eradication	 remained	 the	 aim	 for	 smaller	 outbreaks	 outside	 the	

main	 outbreak	 area.	 Several	 small	 outbreaks	were	 discovered	 in	 other	 parts	 of	 the	

country,	in	Leeds	in	2009,	followed	by	Sheffield	and	Pangbourne	(Berkshire)	in	2010	

(Parks	&	Townsend	2011),	Bromley	and	Croydon	in	2012,	Hackney	in	2014,	Guildford	

in	2015	and	Watford	in	2016	(Forestry	Commission,	2016;	Figure	4).	The	populations	

in	Leeds	and	Sheffield	naturally	failed	to	establish.	The	population	in	Pangbourne	was	

subjected	to	 intensive	management	 leading	to	 its	eradication	(Forestry	commission,	

2016).	Outbreaks	in	other	areas	show	low	OPM	density	and	are	thought	to	be	a	result	

of	natural	dispersal	(Forestry	Commission,	2016).		
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Figure	3.	The	 total	number	of	nests	 found	by	visual	surveys	and	manually	removed	

yearly	between	2007	and	2015	(Dark	Blue),	and	estimated	 to	remain	after	removal	

(Light	 Blue)	 from	 Richmond	 Park,	 Surrey.	 Data	 were	 supplied	 by	 Gillian	 Jonusas	

(Royal	Parks).		

	

	

1.3 Lepidopteran	population	dynamics	and	outbreaking	species	

OPM	 is	 an	 outbreaking	 species	 (Lobinger,	 2011).	 However,	 the	 majority	 of	

Lepidopteran	 species	 have	 low	 population	 densities	 that	 are	 relatively	 stable.	

Outbreaking	 species	 are	 characteristically	 unstable,	 with	 marked	 population	

increases	followed	by	rapid	declines	(Liebhold,	1992),	with	the	peak	of	a	population	

defined	 as	 an	 outbreak	 (Myers,	 1993).	 Many	 forest	 Lepidoptera,	 particularly	 those	

found	 in	 temperate	 forests	 are	 outbreaking	 species	 (Ginzburg	 &	 Taneyhill,	 1994;	

Berryman,	 1996;	 Myers	 &	 Cory,	 2013).	 During	 outbreaks,	 larvae	 reach	 such	 high	

densities	 that	 they	 cause	 serious	 damage	 to	 host	 plants,	 resulting	 in	 large-scale	

defoliation	(Baltensweiler	1993;	Jepsen	et	al.	2011;	Kayes	&	Tinker,	2012).		
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Figure	4.		The	known	extent	of	OPM	populations	in	South	East	England	between	2006	and	2017.	Forestry	Commission	(2017)	
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Outbreaks	 for	 some	Lepidoptera	 species	 follow	 regular	 cycles	 (May,	 1974),	 such	 as	

the	 larch	 budmoth	 (Zeiraphera	 diniana),	 with	 a	 predictable	 outbreak	 every	 8.64	 ±	

0.29	years	(Baltensweiler	et	al.,	1977),	but	there	appears	to	be	no	obvious	pattern	to	

other	 outbreaks.	 Cyclic	 population	 dynamics	 are	 a	 well-known	 phenomenon	 in	

ecology,	as	made	famous	by	Charles	Hewitt	(1921)	and	his	analysis	of	snowshoe	hare	

and	lynx	populations.	In	the	case	of	snowshoe	hare	and	lynx,	cycles	are	caused	by	the	

interaction	 between	 predation	 and	 food	 supplies	 (Krebs	 et	 al.,	 2001).	 However,	

explaining	 population	 dynamics	 in	 forest	 Lepidoptera	 is	 proving	 more	 difficult	

(Myers	&	Cory,	2013).		

	

One	 hypothesis	 to	 explain	 outbreaks	 was	 sunspot	 activity,	 as	 this	 was	 found	 to	

correlate	 with	 some	 Lepidoptera	 population	 changes	 (Selas	 et	 al.,	 2004).	 It	 was	

thought	 there	was	 a	 trade-off	 between	 insect	 defences	 and	 the	 production	 of	UV-B	

protection	as	a	result	of	 increased	radiation	through	ozone	thinning	during	sunspot	

activity	(Selas	et	al.,	2004).	However,	sunspot	activity	and	insect	outbreaks	do	not	run	

parallel	and	may	occur	simultaneously	by	chance	so	sunspots	cannot	be	a	ubiquitous,	

long-term	cause	of	population	outbreaks	(Nilssen	et	al.,	2007).		

	

A	more	compelling	hypothesis	for	outbreaks	comes	from	the	effects	of	density-related	

parasitism	(Berryman,	1996;	2002)	and	natural	enemies.	Natural	enemies	are	defined	

as	predators,	parasites,	parasitoids	and	pathogens,	and	many	have	specialised	feeding	

habits.	Due	to	this	specialisation,	their	abundance	changes	according	to	the	densities	

of	their	prey	or	hosts	(Andersson	&	Erlinge	1977).	Parasites	and	parasitoids	are	often	

a	significant	cause	of	mortality	in	forest	Lepidoptera	for	example	the	larch	bud	moth	

(Turchin	et	al.,	2003)	and	the	autumnal	moth	(Tanhuanpaa	et	al.,	2002).	Parasitism	is	

a	delayed	density	dependant	factor,	reaching	high	levels	just	after	peak	Lepidopteran	

population	 densities	 (Berryman,	 2002).	 In	 contrast,	 generalist	 enemies	 can	 switch	

resources	 according	 to	 their	 availability.	 Therefore,	 generalist	 enemies	 can	 have	 a	

more	 stabilising	 effect	 on	prey/host	 populations	 (Erlinge	et	 al.,	 1983;	Hanski	et	 al.,	

1991).	
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The	exact	processes	and	adaptations	 that	allow	species	 to	outbreak	are	 likely	 to	be	

species	specific	(Wallner,	1987).	For	example,	the	larch	bud	moth	has	two	ecotypes;	a	

slow-growing	 heterozygous	 ecotype	 which	 persists	 for	 several	 years	 without	

reaching	high	densities.	This	ecotype	means	that	resources	begin	to	accumulate	in	the	

environment.	A	second	ecotype,	characterised	by	 fast	growth	exploits	 the	 increased	

food	 resource	 accumulated	 by	 the	 slow	 growing	 ecotype,	 resulting	 in	 an	 outbreak	

(Baltensweiler,	1976).	In	general,	outbreaking	species	exhibit	plasticity,	and	are	able	

to	 capitalise	 on	 a	 changeable	 environment.	 Thus	 r-strategists,	 which	 have	 a	

propensity	for	population	increases	and	are	suited	to	unpredictable	environments	are	

much	 more	 likely	 to	 be	 outbreaking	 species	 compared	 to	 K-strategists	 with	 slow	

generation	times	that	inhabit	more	stable	environments	(MacArthur	&	Wilson,	1967).		

	

Although	advances	have	been	made	in	understanding	why	outbreaks	occur	(Myers	&	

Cory,	2013),	accurately	predicting	when	outbreaks	will	occur,	and	what	they	will	do	

remain	much	more	elusive.	Some	outbreaks	occur	in	successive	waves	(Tenow	et	al.,	

2013).	For	example,	outbreaks	of	the	winter	moth	(Operophtera	brumata)	in	Europe	

begin	 in	 the	 Southeast	 and	 move	 in	 an	 almost	 predictable	 manner,	 Northwesterly	

over	 a	 ten-year	 period	 (Jepsen	 et	 al.,	 2009;	 Tenow	 et	 al.,	 2013).	 However,	 such	 a	

pattern	 is	 far	 from	 the	 norm	 and	 many	 outbreaks	 show	 no	 uniformity	 (Lobinger,	

2011).	 Outbreaks	 may	 be	 spatially	 specific,	 only	 occurring	 in	 portions	 of	 the	 total	

range	 (Bylund,	 1999),	 often	with	 the	biggest	 outbreaks	 at	 the	 range	periphery.	 For	

example,	 autumnal	 moth	 outbreaks	 only	 occur	 in	 the	 northern	 most	 range	 of	 its	

distribution	 (Tenow,	 1972).	 This	 suggests	 that	 species	 with	 normally	 latent	

populations	 may	 exhibit	 unpredictable	 population	 dynamics	 towards	 their	 natural	

climatic	limits	or	when	introduced	to	new	areas	(Crawley	et	al.,	1986).	

	

One	 criticism	 of	 invasion	 biology	 is	 the	 lack	 of	 predictive	 power	 of	 what	 a	 non-

indigenous	 population	 will	 do	 (Whitney	 &	 Gabler,	 2008).	 When	 a	 non-indigenous	

species	 is	 also	 an	 outbreaking	 species	 it	 is	 almost	 impossible	 to	 give	 robust	

indications	of	what	this	species	will	do	in	its	new	area	(Crawley	et	al.,	1986).	 In	the	

case	 of	OPM,	 insights	 can	be	 gained	 from	 the	 invasion	of	 Europe.	However,	 little	 is	

known	 about	 the	 general	 biology	 or	 populations	 of	 OPM,	 and	 OPM	 is	
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underrepresented	 in	 the	 literature.	 A	 greater	 understanding	 of	 what	 outbreaking	

forest	Lepidoptera	are	capable	of	can	be	gained	by	 looking	at	another	 invasion	of	a	

closely	related	species;	the	invasion	of	gypsy	moth	in	North	America,	which	has	been	

well	studied	for	over	150	years.		

	

	

1.4 Gypsy	moth	(Lymantria	dispar	L.)	invasion	of	North	America	

A	classic	and	well-studied	example	of	a	biological	invasion	is	that	of	the	gypsy	moth	

(Lymantria	dispar)	in	North	America.	Gypsy	moth	is	a	polyphagous	folivore	that	can	

feed	 on	 over	 300	 host	 plants,	 including	 important	 forest	 trees,	 especially	 Quercus	

(oaks),	Betula	(birch),	Populus	(aspen),	and	Salix	(willow)	(Liebhold	et	al.,	1995).	It	is	

a	major	forest	pest	in	much	of	the	northern	hemisphere,	where	outbreaks	can	cause	

large-scale	 defoliation,	 causing	 ecological	 and	 economic	 damage.	 However,	 this	

problem	is	particularly	acute	in	North	America,	where	gypsy	moth	is	considered	to	be	

one	of	the	most	damaging	pest	species	(Liebhold	et	al.,	1992).		

	

Gypsy	moth	was	 introduced	 to	Massachusetts	 in	 the	 late	 1860s	 from	France	 by	 an	

amateur	entomologist	(Leibhold	et	al.,	1989)	and	it	is	estimated	that	12	years	passed	

before	 gypsy	 moth	 populations	 were	 detected	 (Liebhold	 &	 Tobin,	 2006).	 Despite	

several	eradication	attempts,	the	initial	population	persisted	and	expanded	its	range	

in	the	North	Eastern	States.	A	subsequent	population	was	introduced	to	Michigan	and	

the	range	of	both	populations	has	spread	from	Nova	Scotia	to	Wisconsin,	and	Ontario	

to	Virginia	(Figure	5),	an	area	of	>900,000	km2	(Tobin	&	Blackburn.,	2007).		
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Figure	5.	The	spread	of	gypsy	moth	in	North	Eastern	USA	between	1938	and	2012	

(Tobin	et	al.,	2015).		

	

1.4.1 Gypsy	moth	biology	

Gypsy	 moth	 larvae	 hatch	 from	 overwintering	 eggs	 between	 March	 and	 May.	 Male	

larvae	 undergo	 five	 developmental	 stages	 (instars),	 whereas	 larger	 females	 pass	

through	six.	For	both	sexes,	the	larval	period	lasts	around	eight	weeks	before	a	two-

week	 pupation	 period.	 Adult	 females	 are	 much	 larger	 than	 the	 males,	 and	 have	

limited	 flight	 capability	 (Reineke	 &	 Zebitz,	 1998).	 Therefore,	 females	 use	 sex	

pheromones	 to	 attract	 the	 flying	males.	Once	mating	 has	 occurred,	 females	 deposit	

eggs	in	an	egg	mass	of	around	250-500	eggs.		

	

Gypsy	moth	is	an	outbreaking	species,	and	populations	erupt	every	2-3	years	(Haynes	

et	al.,	2009).	During	these	outbreaks,	gypsy	moths	cause	significant	damage	to	trees	

through	defoliation,	 as	well	 as	negative	effects	on	other	native	plant	and	arthropod	
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species	(Gansner	&	Herrick,	1984;	Leuschner	et	al.,	1996).	Specifically,	gypsy	moths	

have	been	responsible	 for	over	360,000	km2	of	native	 forest	defoliation	since	1924		

(Liebhold	et	al.,	1992).	Furthermore,	gypsy	moth	defoliation	can	have	indirect	effects	

on	ecosystem	functioning.	For	example,	defoliation	reduces	leaf	fall,	which	can	impact	

on	 carbon	 sequestration	 and	 nutrient	 cycling,	 as	 well	 as	 altering	 biogeochemical	

conditions	in	the	environment	(Webb	et	al.,	1995).	These	effects	can	impact	on	native	

species,	including	Lepidopteran	populations	(Jones	et	al.,	1998).		

	

1.4.2 The	spread	of	gypsy	moth	populations	

The	 exact	 location	 and	 timing	 of	 gypsy	 moth	 introduction	 to	 the	 United	 States	 is	

known	(Liebhold	et	al.,	1989),	creating	an	opportunity	to	fully	understand	the	spread	

of	gypsy	moth	around	America.	The	invasion	of	North	America	by	the	gypsy	moth	has	

been	 estimated	 at	 a	 rate	 of	 2.5	 km	 per	 year	 (Liebhold	 et	 al.,	 1992).	 This	 rate	 is	

somewhat	slow	in	comparison	to	other	invertebrate	invasions	(Evans,	2016),	and	can	

be	explained	by	gypsy	moth	life	history.	Adult	female	gypsy	moth	have	limited	flight	

capability	(Reineke	&	Zebitz,	1998),	which	impacts	on	population	spread,	as	progress	

can	only	be	made	by	adult	female	flight,	or	larval	ballooning,	both	of	which	only	occur	

over	short	distances	(Elkinton	&	Liebhold,	1990).	 	Population	advances	over	greater	

distances	are	often	facilitated	by	people	(Bigsby	et	al.,	2011)	such	as	when	egg	masses	

are	laid	on	vehicles	and	transported	to	new	areas	(Liebhold	et	al.,	1992).	Other	biotic	

factors	may	also	play	a	role	 in	gypsy	moth	spread.	For	example,	habitat	quality	and	

rate	of	spread	are	positively	correlated	in	Michigan	(Sharov	et	al.,	1999),	although	no	

such	association	is	found	over	a	larger	spatial	scale	(Whitmire	&	Tobin,	2006).	

	

1.4.3 Gypsy	moth	in	the	UK	

An	endemic	form	of	gypsy	moth	was	native	to	parts	of	Eastern	England,	but	became	

extinct	 in	 the	UK	 in	1907,	after	 its	wetland	habitats	were	drained	(Heath	&	Emmet,	

1983).	 In	 1995	 a	 small	 breeding	 population	 of	 gypsy	moth	 of	 European	 origin	was	

discovered	 in	 North	 East	 London.	 By	 2006,	 gypsy	 moth	 had	 been	 found	 in	 other	
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locations	 around	 London	 and	 subsequently	 in	 multiple	 parts	 of	 the	 South	 East	

including	Buckinghamshire	and	Dorset	(Tilbury	et	al.,	2010).		

	

In	 Europe,	 gypsy	 moth	 is	 an	 outbreaking	 pest	 species.	 Outbreaks	 often	 occur	 in	

association	with	other	Lepidoptera,	such	as	black	arches	(Lymantria	monacha;	Carter,	

1984;	Dajoz,	2000),	with	both	gypsy	moth	and	black	arches	predominantly	feeding	on	

oaks	(Carter,	1984).	OPM	is	invading	the	UK	simultaneously	with	the	re-colonisation	

of	 gypsy	 moth.	 This	 creates	 an	 interesting	 situation,	 in	 which	 the	 complex	

interactions	 between	 these	 species	 may	 lead	 to	 unpredictable	 outcomes	 for	 other	

species	and	ecosystems	(e.g.	Crooks	2002;	Bruno	&	O'Connor,	2005).	

	

	

1.5 Introduction	to	the	project		

Biological	 invasions	 are	 a	 major	 driver	 of	 ecosystem	 change	 and	 are	 one	 of	 the	

greatest	 threats	 to	biodiversity	 (Simberloff,	 2000).	Despite	 the	gravity	of	 the	 threat	

biological	invasions	pose,	this	field	remains	a	target	for	criticism	(Valéry	et	al.,	2013).	

For	 invasion	 biology	 to	 move	 forward	 from	 controversy	 the	 field	 must	 address	

specific	 issues	 in	 understanding	 invaded	 trophic	webs,	 communities	 and	 ecological	

networks,	which	make	 it	 impossible	 to	predict	 the	outcome	of	 invasions	 accurately	

(Roemer	 et	 al.,	 2001;	 Caut	 et	 al.,	 2009).	 Invasion	 biology	 is	 complex	 and	 relies	 on	

understanding	the	ecology	of	the	invader	as	well	as	the	invaded	ecosystem.	However,	

studies	 into	 invasion	biology	must	put	 invasion	 into	 the	broader	 realms	of	ecology	

and	not	just	provide	descriptive	case	studies.		

	

Biological	 invasions	 often	 have	 the	 biggest	 impact	 on	 islands	 (D’antonio	 &	 Dudley,	

1995).	In	the	UK,	the	arrival	rate	of	non-indigenous	pest	species	has	been	increasing	

in	recent	years		(Leather,	2014).	One	recent	arrival	is	OPM,	which	arrived	in	London	

during	2006	and	has	subsequently	colonised	and	spread	around	much	of	London	and	
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parts	of	Surrey.	OPM	is	a	pest	species	that	threatens	the	health	of	its	host	oak	trees,	

which	are	also	facing	increased	pressure	from	other	pests	as	well	as	climate	change	

(Denman	 &	 Webber,	 2009).	 OPM	 is	 also	 a	 difficult	 species	 to	 manage	 due	 to	 its	

eruptive	 population	 dynamics,	 made	 more	 difficult	 due	 to	 the	 toxic	 setae	 that	 the	

larvae	possess.	This	makes	OPM	a	public	health	problem	in	areas	such	as	parks	but	is	

also	an	acute	risk	at	schools	and	hospitals	where	people	risk	contracting	dermatitis	

after	coming	into	contact	with	the	larvae	or	nests.		

	

OPM	is	an	ideal	model	organism	for	invasion	biology	for	several	reasons.	Firstly,	OPM	

is	an	understudied	species	compared	to	similar	pest	Lepidoptera	such	as	gypsy	moth,	

with	many	 knowledge	 gaps	 in	 OPM	 ecology.	 Secondly,	 OPM	 is	 an	 outbreaking	 pest	

species.	 Research	 into	 OPM	 population	 ecology	 will	 not	 only	 improve	 our	

understanding	 of	 OPM,	 but	 also	 fits	 into	 the	 wider	 field	 of	 outbreaking	 dynamics.	

Thirdly,	 OPM	 is	 a	 statutory	 plant	 health	 pest,	 which	 means	 that	 landowners	 and	

managers	are	required	to	actively	manage	OPM	populations.	A	greater	understanding	

of	OPM	population	ecology	will	help	equip	managers	with	the	knowledge	they	need	to	

effectively	manage	OPM.	 Fourthly,	 OPM	 is	 a	 public	 health	 concern	 due	 to	 the	 toxic	

setae	of	larvae.	Research	into	OPM	population	ecology	will	help	to	inform	the	public	

about	 the	problems	associated	with	OPM,	but	also	engage	 them	 in	 invasion	biology	

more	generally.	Many	of	these	reasons	mirror	ideas	put	forward	by	Courchamp	et	al.	

(2017)	 as	 fundamental	 solutions	 to	 the	 problems	 associated	with	 invasion	 biology	

and	how	to	move	invasion	biology	forward.		

	

This	 thesis	 aims	 to	 address	 our	 understanding	 of	 OPM	 population	 ecology	 under	

three	 main	 themes.	 Firstly,	 the	 spatial-temporal	 population	 dynamics	 of	 OPM.	

Understanding	 and	 predicting	 the	 spatial-temporal	 dynamics	 of	 populations	 is	 a	

central	goal	in	ecology	(Sutherland	et	al.,	2012),	but	will	also	allow	us	to	understand	

where	OPM	 is	most	 likely	 to	 be	 a	 problem,	where	 it	may	 be	 less	 of	 a	 problem	 and	

where	to	apply	the	most	intensive	management	practices.	Secondly,	the	development	

of	new	molecular	techniques	that	can	be	used	to	reveal	the	ecological	networks	and	
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relationships	that	exist	between	OPM	and	other	species,	specifically	parasitoids.	This	

information	 may	 yield	 potentially	 novel	 control	 strategies	 such	 as	 the	 isolation	 of	

entomopathogenic	organisms	or	new	parasitoids.	Thirdly,	the	community	ecology	of	

OPM.	 Understanding	 the	 ecological	 relationships	 OPM	 has	with	 native	 species	may	

offer	insights	into	how	OPM	populations	might	be	managed	in	the	long	term	and	what	

impact	OPM	is	having	on	biodiversity.		

	

OPM	is	a	difficult	species	to	work	with.	As	a	quarantine	pest	it	cannot	be	moved	freely	

to	experimental	sites	and	traditional	methods	used	for	host-parasitoid	investigations	

which	require	the	host	to	be	reared	(Day	1994),	cannot	be	used	in	this	investigation.	

Further,	prolonged	or	intensive	laboratory	work	must	be	kept	to	a	minimum	due	to	

the	 risk	posed	by	 the	 toxic	 setae.	 Therefore,	 in	 order	 to	meet	 the	objectives	 of	 this	

thesis,	a	two-year	field	study	was	carried	out	within	the	main	outbreak	area	in	West	

London.	Richmond	Park,	Bushy	Park	 and	Wimbledon	&	Putney	Commons	were	 the	

only	sites	available	in	which	to	monitor	OPM	populations.	Experiments	were	carried	

out	 on	 novel	 survey	 techniques	 for	 OPM	 in	 woodland	 pasture	 and	 closed	 canopy	

woodland	habitats.	The	effect	of	habitat	 composition	on	OPM	distribution	was	 then	

assessed	by	quantifying	habitat	 components	 such	as	 tree	density,	 tree	 richness	and	

percentage	of	oak	trees.	OPM	are	not	suitable	for	large	scale	rearing	experiments	to	

assess	parasitism	and	mortality	due	to	the	risk	of	introducing	OPM	to	new	areas	and	

the	toxic	setae.	Therefore,	next	generation	sequencing	technology	was	developed	as	a	

tool	to	identify	parasitoids	and	other	natural	enemies	of	OPM,	and	the	effectiveness	of	

molecular	 methods	 was	 compared	 to	 a	 small	 scale	 rearing	 set-up	 and	 visual	

observations.	Finally,	the	community	ecology	of	OPM	was	investigated	by	comparing	

OPM	 parasitism	 in	 woodland	 pasture	 and	 closed	 canopy	 woodland	 habitats	 and	

looking	 at	 the	 effect	 of	 density	dependence.	The	 impact	 of	OPM	on	 arthropods	 and	

indirect	effects	on	other	Lepidoptera,	specifically	gypsy	moth,	were	investigated	using	

surveys	and	molecular	methods.		
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The	main	objectives	of	this	thesis	are:		

	

1. To	develop	new,	standardized	methods	of	surveying	OPM		

	

2. To	analyse	the	spatio-temporal	population	patterns	of	OPM	in	West	London	

	

3. To	develop	next	generation	sequencing	methods	for	the	management	of	OPM	and	

the	identification	of	OPM	parasitoids		

	

4. To	 determine	 what	 effect	 parasitoids	 are	 having	 on	 OPM	 populations	 in	 West	

London	and	what	implications	this	has	for	management.			
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Chapter	2: The	effect	of	habitat	composition	on	the	

spatio-temporal	distribution	of	oak	

processionary	moth		

	

	

2.1 Introduction		

Landscape	 composition	 has	 fundamental	 effects	 on	 many	 ecosystem	 processes	

(Turner,	1989;	Turner	&	Gardner,	1991),	and	is	a	driver	of	community	structure	and	

species	 diversity	 (Tscharntke	 et	 al.,	 2005;	 Ritchie	 et	 al.,	 2009),	 invasibility	 of	 alien	

species	 (Lonsdale,	 1999)	 as	 well	 as	 population	 and	 metapopulation	 dynamics	

(Dempster	&	Pollard,	1986;	Dunning	et	al.,	1992;	Henein	et	al.,	1998).	The	effects	on	

populations	can	be	direct	(Goodwin	&	Fahrig,	2002),	or	indirect	via	the	distribution	of	

parasites	(Ives,	1995),	predators	(Bowman	&	Harris,	1980;	Litvatitis	&	Shaw,	1980),	

the	 effects	 of	 population	 genetics	 (Good	 et	 al.,	 1997),	 and	 interspecific	 competition	

(Pacala	&	Roughgarden,	1982).	

	

The	distribution	of	forest	insects	is	spatially	and	temporally	complex	(Liebhold	et	al.,	

1993)	and	the	effects	of	habitat	composition	can	be	particularly	acute.	Many	species	

of	 forest	 insects	 have	 complex	 population	 dynamics,	 exhibiting	 periodic	 outbreaks	

(Berryman,	1996;	Myers	&	Cory,	2013),	with	spatial	synchrony	(Liebhold	&	Kamata,	

2000).	 The	 distribution	 of	 natural	 enemies	 (Dwyer	 et	 al.,	 2004)	 and	 landscape	

structure	(Johnson	et	al.,	2004;	2006)	are	two	key	drivers	of	this	phenomenon.			
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Spatial	patterns	are	frequently	used	to	predict	and	explain	the	distribution	of	 forest	

insects	(Liebhold	et	al.,	1991;	Buonaccorsi	et	al.,	2001).	These	patterns	are	commonly	

reported	at	the	regional	scale	(e.g.	Magnussen	et	al.,	2004;	Tobin	&	Blackburn,	2008).	

However,	landscape-scale	(Foster	et	al.,	2013)	and	even	habitat	scale	(Régolini	et	al.,	

2014)	patterns	are	equally	important	yet	frequently	overlooked.	For	example,	at	the	

individual	 tree	 level,	 plant	 apparency	 (Feeny,	 1976)	 has	 been	 used	 to	 describe	 the	

likelihood	of	 a	 plant	 being	detected	by	 an	herbivorous	 organism,	with	 key	 features	

being	the	size,	colour	and	abundance	of	the	plant	species	(Castagneyrol	et	al.,	2013).	

	

The	associational	 resistance	hypothesis	 (Barbosa	et	al.,	 2009)	 suggests	 that	diverse	

habitats	 provide	 better	 resistance	 to	 biological	 invasions	 than	 monocultures.	 In	 a	

forest	 setting,	 one	would	 therefore	 expect	 individual	 trees	 in	 denser,	more	 diverse	

stands	 to	be	 less	vulnerable	 to	attack	 (Dulaurent	et	al.,	 2012;	Régolini	et	al.,	 2014).	

This	 resistance	 can	 be	 conferred	 by	 two	mechanisms.	 Plant	 odors	 are	 used	 in	 host	

recognition	 and	 location	 by	 insects	 (Bruce	 et	 al.,	 2005;	 Tasin	 et	 al.,	 2006),	 and	 the	

presence	of	non-host	trees	has	been	shown	to	disrupt	host	recognition	e.g.	in	the	pine	

processionary	moth	(Jactel	et	al.,	2011).	At	the	individual	tree	scale,	visual	cues	play	

an	important	role	in	host	detection	(Prokopy	&	Owens,	1983).	For	example,	Floater	&	

Zalucki	 (2000)	 found	 that	 taller	 trees	were	more	easily	pinpointed	by	adults	of	 the	

Australian	 processionary	 moth	 Ochrogaster	 lunifer,	 therefore	 the	 presence	 of	 non-

host	 trees	 can	 disrupt	 host	 selection.	 Alternatively,	 diverse	 plant	 communities	 can	

support	 a	 diverse	 range	 of	 natural	 enemies,	 thereby	 increasing	 their	 capacity	 to	

control	insect	herbivores	(Root	1973).		

	

Understanding	 and	 predicting	 the	 spatio-temporal	 dynamics	 of	 populations	 is	 a	

central	 goal	 in	 ecology	 (Hanski	 1998;	 Alexander	 et	 al.	 2012),	 but	 also	 has	 applied	

benefits.	 Understanding	 the	 spatio-temporal	 distribution	 of	 forest	 insects	 is	

particularly	 important	 for	 assessing	 the	 risk	 posed	 by	 pest	 species	 (Venette	 et	 al.,	

2010).	 Pest	 risk	 is	 calculated	 from	 hazard	 occurrence,	 plant	 vulnerability	 and	 the	
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economic	impact	of	damage	(Jactel	et	al.,	2012).	Thus	in	order	to	calculate	pest	risk,	

the	 spatiotemporal	 dynamics	 of	 the	 pest	 population,	 as	 well	 as	 the	 probability	 of	

attack,	is	a	fundamental	requirement	for	accurate	assessment.		

	

OPM	 is	 a	 non-indigenous,	 forest	 pest	 lepidopteran	 in	 the	 UK	 (Townsend,	 2013;	

Mindlin	et	al,	2012).	However,	we	lack	a	basic	understanding	of	OPM	populations.	In	

particular,	 the	 mechanisms	 controlling	 the	 distribution	 of	 OPM	 remain	 unknown.	

Population	monitoring	and	management	is	based	on	counts	of	summer	nests	that	are	

visible	 in	tree	crowns,	and	pheromone	trapping	(Williams	et	al.,	2013).	To	date,	 the	

greatest	 numbers	 of	 OPM	 have	 been	 found	 in	 urban	 and	 suburban	 habitats,	which	

facilitate	 access	 for	 surveys.	 However,	 populations	 have	 begun	 to	 colonise	 semi-

natural	 oak	 and	mixed	woodland	 (Forestry	 Commission,	 2013).	 These	 habitats	 can	

hinder	survey	and	monitoring,	and	it	may	be	expensive,	or	practically	 impossible	to	

apply	control	treatments.	Thus	OPM	population	monitoring	could	be	improved	with	a	

better	knowledge	of	the	spatial	distribution	of	nests.	

	

Recently,	 pest	 density	 has	 been	 demonstrated	 to	 increase	 with	 increasing	 host	

density	 in	 the	 closely	 related	 pine	 processionary	 moth	 (PPM),	 although	 the	

proportion	of	trees	attacked	by	PPM	was	inversely	correlated	to	host	density	(Damien	

et	 al.,	 2016).	 This	 is	 likely	 a	 result	 of	 resource	 dilution	 (Otway	et	 al.,	 2005),	where	

attacks	 are	 accumulated	on	more	 apparent	 trees	 at	 lower	densities.	However,	OPM	

has	a	very	different	life	history	to	PPM	(Roques,	2015)	and	it	is	not	clear	what	factors	

play	a	role	in	OPM	population	density	or	distribution.		

	

The	 aim	 of	 this	 chapter	 was	 to	 firstly	 develop	 standardised	 survey	 techniques	 for	

OPM,	 and	 to	 then	 assess	 the	 relationships	 linking	 OPM	 distribution	 and	 habitat	

composition.	 Specifically,	 whether	 there	 was	 a	 spatial	 pattern	 to	 OPM	 populations	

and	if	this	pattern	repeated	over	time.	Secondly,	to	identify	features	of	the	habitat	that	

affects	the	abundance	of	OPM.	This	chapter	tested	the	following	hypotheses:	
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1. Larval	shelters	are	a	better	method	of	surveying	for	OPM	than	visual	surveys.		

2. More	 OPM	 nests	 are	 found	 in	 open	 woodland	 areas	 than	 closed	 canopy	

woodland.		

3. OPM	numbers	are	positively	correlated	to	oak	density	(as	is	seen	in	PPM),	but	

negatively	correlated	to	tree	diversity	and	understory	diversity	as	a	result	of	

associational	resistance	(Tahvanainen	&	Root,	1972).		

4. OPM	nest	density	is	temporally	and	spatially	stable.		

	

2.2 Methods	

2.2.1 Field	Surveys		

2.2.1.1 Study	Sites		

To	test	the	hypothesis	that	more	OPM	nests	are	found	in	open	woodland	areas,	three	

sites	were	selected	from	within	the	OPM	outbreak	area	of	West	London	and	surveyed	

over	two	years,	in	2014	and	2015	(Forestry	Commission,	2013	(Figure	4):	Richmond	

Park	 (Lat	 51.446387,	 Longit	 -0.275773),	 Bushy	 Park	 (Lat	 51.416531,	 Longit	 -

0.339817)	 and	Wimbledon	 Common	 (Lat	 51.437586,	 Longit	 -0.230663).	 Richmond	

Park	is	the	largest	of	the	Royal	Parks	covering	nearly	1000	ha	and	containing	around	

100,000	trees,	of	which	40,000	are	oaks	(Quercus	spp.),	including	over	one	thousand	

that	are	ancient.	Quercus	robur	(L.)	 is	 the	most	common,	but	 there	are	also	Quercus	

rubra	(L.),	Quercus	cerris	(L.)	and	other	oak	species	present.	The	majority	of	trees	are	

distributed	in	small,	mixed	woodlands	and	plantations,	with	the	remainder	found	in	

open	 woodland	 pasture.	 Bracken	 (Pteridium	 aquilinum)	 and	 rhododendron	

(Rhododendron	 ponticum)	 form	 the	majority	 of	 understory	 growth.	 There	 are	 also	

areas	of	natural	 and	mown	grassland	and	 small	 lakes.	Richmond	Park	 is	 a	National	

Nature	Reserve,	a	Site	of	Special	Scientific	Interest	(SSSI)	and	a	European	Special	Area	

of	Conservation	(SAC).	Bushy	Park	is	the	second	largest	of	London's	Royal	Parks,	with	

an	 area	 of	 445	 ha.	 The	 majority	 of	 Bushy	 Park	 is	 mown	 and	 natural	 grassland.	

Avenues	of	horse	chestnut	(Aesculus	hippocastanum)	and	lime	(Tilia	spp.)	are	found	
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in	 the	 park,	 as	well	 as	 small	 areas	 of	 predominantly	 oak	 (Q.	 robur)	woodland,	 and	

open	 woodland	 pasture,	 ponds	 and	 streams.	 Wimbledon	 and	 Putney	 Common	

comprise	 about	 460	 ha	 of	mixed	woodland,	 scrubland,	 heathland,	 recreation	 areas	

and	 ponds.	Woodland	makes	 up	 around	 37%	 of	 the	 common	 and	 is	 dominated	 by	

oaks	 (Q.	 robur)	 and	 birch	 (Betula	 sp),	with	 an	 understory	 of	 holly	 (Ilex	 aquifolium)	

and	bramble	(Rubus	fruticosa).	Around	80%	of	the	common	is	designated	as	an	SSSI	

and	SAC.	

	

Two	habitat	types	were	chosen	from	each	site;	an	area	of	low	tree	density,	hereafter	

called	 woodland	 pasture,	 and	 an	 area	 of	 high	 tree	 density,	 hereafter	 called	 closed	

canopy	woodland.	Woodland	pasture	had	a	tree	density	of	between	12	and	24	trees	

per	hectare	 (Table	1).	 Closed	 canopy	woodland	had	a	 tree	density	between	80	and	

320	 trees	 per	 hectare	 Table	 1).	 Habitats	were	 paired	within	 each	 site	 and	were	 as	

geographically	 close	 together	 as	 possible	 (Figure	 6	&	 Figure	 7).	 In	 Richmond	Park,	

two	pairs	of	habitats	were	chosen	(a	total	of	four	habitats	within	Richmond	Park).	In	

2014,	 only	 one	 closed	 canopy	woodland	 habitat	was	 used	 in	Wimbledon	 Common,	

because	other	suitable	sites	were	not	available.	In	2015,	a	second	site	was	negotiated	

with	park	managers.	This	area	was	classified	as	‘woodland	pasture’,	however	it	had	a	

tree	density	of	290	trees	per	hectare,	which	is	comparable	to	closed	canopy	woodland	

used	at	other	sites.	The	two	habitats	used	were	very	different	in	composition	(Table	

1),	 and	 it	was	 concluded	 that	 this	 new	habitat	 fulfilled	 an	 intermediary	 habitat.	 All	

other	sites	were	used	in	both	years.		

	

Prior	 to	 selecting	 the	 habitats,	 landowners	 were	 consulted	 and	 agreed	 to	 the	

proposed	 locations	and	methods	 in	both	years.	Previous	application	of	pesticides	at	

all	 of	 the	 sites,	 and	 the	 risk	 of	members	 of	 the	 public	 interfering	with	 the	 surveys	

meant	 that	 the	exact	 locations	of	habitats	were	 limited.	No	pesticide	was	applied	to	

any	of	the	survey	sites	between	2014	and	2015.		
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2.2.1.2 Developing	OPM	survey	methods		

In	order	 to	 test	 the	hypothesis	 that	 larval	 shelters	are	a	better	 survey	method	 than	

visual	 surveys,	 it	was	 first	necessary	 to	establish	a	 standardised	 survey	method	 for	

OPM	 populations,	 and	 a	 study	 was	 carried	 out	 in	 2014	 to	 test	 different	 survey	

methods.	The	most	effective	survey	method	would	 then	be	used	 the	 following	year.	

75	 oak	 trees	 were	 chosen	 by	 walking	 each	 habitat	 and	 allocating	 trees	 an	

experimental	 number.	 Trees	 were	 selected	 according	 to	 their	 availability	 and	

accessibility.	Semi-mature	trees	were	selected	if	mature	trees	were	not	available,	the	

smallest	of	which	had	a	diameter	at	breast	height	(DBH)	of	18	cm	(See	Table	S1).	Each	

experimental	 tree	 was	 subsequently	 assigned	 to	 one	 of	 three	 survey	 types	 using	

random	 numbers.	 The	 first	 treatment	 was	 a	 larval	 shelter	 constructed	 of	 wood	

(larvae	have	been	seen	constructing	nests	under	wooden	objects	such	as	fence	posts	

and	crates;	Gillian	Jonusas	(Royal	Parks	Arboriculturist),	pers	comm).	A	20cm	square	

was	 cut	 out	 of	 9mm	 plywood	 (Wickes,	 UK)	 and	 a	 15mm	 hole	 was	 drilled	 in	 two	

corners	to	facilitate	attachment	to	the	tree.	10mm	diameter	black	polypropylene	rope	

was	fed	through	the	holes	and	the	wooden	shelter	was	tied	to	the	main	trunk	of	the	

tree	at	3m	above	the	ground,	a	height	sufficient	 to	prevent	 interference	 from	either	

deer	or	people	 (Figure	8a).	The	 second	 treatment	was	a	hessian	 shelter	 (hessian	 is	

used	 in	 standardised	 surveys	 of	 the	 closely	 related	 gypsy	 moth;	 Timms	 &	 Smith,	

2011).	 This	 consisted	 of	 a	 hessian	 sack	 approximately	 70cm	 by	 40cm	 tied	 using	

10mm	black	polypropylene	 rope	 to	 the	 trunk	of	 the	 tree	at	a	height	of	3	m	 (Figure	

8b).	The	hessian	was	positioned	horizontally	and	the	overhang	of	the	hessian	created	

a	 shelter	approximately	70cm	by	20cm.	The	 third	 treatment	was	a	 control,	with	no	

larval	shelter	attached	to	the	tree.	Each	shelter	and	the	control	trees	were	assigned	a	

random	directional	aspect	using	random	numbers.	

	

Shelters	were	placed	on	 experimental	 trees	between	21/04/2014	and	06/05/2014	

and	 were	 surveyed	 for	 OPM	 individuals	 and	 nests	 weekly	 from	 02/06/2014	 to	

28/07/2014,	giving	a	total	of	eight	surveys.	Shelters	were	removed	at	the	end	of	the	

survey	 period.	 The	 locations	 of	 all	 trees	 were	 recorded	 using	 a	 GPS	 unit	 (Garmin,	

GPSMAP	64).		



 

53	

	

To	test	the	hypothesis	that	more	OPM	nests	are	found	in	open	woodland	areas	than	

closed	canopy	woodland,	shelters	were	checked	by	 lifting	and	visually	assessing	 for	

signs	of	OPM.	For	the	control	 trees	 in	2014,	a	20cm2	wire	quadrat	was	held	against	

the	main	trunk	of	the	tree	at	3m	above	ground	using	a	compass	for	the	aspect	of	that	

tree	and	visually	assessed	for	OPM.	Where	OPM	was	present,	full	PPE	was	used	and	

the	larvae	or	nest	was	placed	into	a	sample	tube.	Larvae	were	considered	a	nest	when	

the	 number	 of	 larvae	 was	 greater	 than	 10.	 	 Larvae	 were	 collected	 to	 provide	

individuals	of	different	instars	for	molecular	analyses	(See	chapters	3	and	4).		

	

2.2.1.3 OPM	surveys	in	2015	

Hessian	 shelters	were	 the	most	 effective	 shelter	 type,	 and	were	 carried	 forward	 as	

the	main	larval	survey	technique	in	2015.	In	2015,	the	twenty-five	oak	trees	used	for	

hessian	 shelters	 in	 2014	were	 re-located	using	GPS	 and	 a	 new	hessian	 shelter	was	

attached	at	a	height	of	3	m	above	ground,	facing	the	same	aspect	as	in	2014.	Shelters	

were	placed	on	trees	between	05/05/2015	and	15/05/2015.	The	survey	results	from	

2014	 suggested	 that	 a	 fortnightly	 survey	 provided	 the	 optimal	 duration	 between	

surveys	 to	 maximise	 the	 trade-off	 between	 data	 resolution	 and	 sampling	 effort.	

Therefore,	hessian	shelters	in	2015	were	surveyed	fortnightly	from	1st	June	2015	to	

14th	August	2015,	giving	a	total	of	six	surveys.		
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Figure	6.	Locations	of	survey	trees	in	Richmond	Park	(A,	Woodland	canopy	1;	B,	woodland	pasture	1;	C,	Woodland	canopy	2;	D,	Woodland	pasture	

2)	and	Wimbledon	Common	(E,	woodland	canopy),	used	for	surveys	in	2014.	Each	area	contained	75	trees	(green	circles).		
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Figure	7.	Locations	of	survey	trees	in	Bushy	Park	(A,	Woodland	canopy;	B,	woodland	pasture)	used	for	surveys	in	2014.	Each	area	contained	75	

trees	(green	circles).	
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Figure	8.	The	wooden	larval	shelter	(A)	constructed	of	plywood	and	the	hessian	larval	

shelter	 (B)	 used	 for	OPM	monitoring	 in	 2014	 (A	 and	B)	 and	 in	 2015	 (B	

only).	Shelters	were	attached	to	the	tree	using	rope	at	a	height	of	3m	and	

checked	weekly.		

	

2.2.1.4 Population	Surveys		

The	trees	in	each	treatment	were	also	surveyed	visually	for	OPM	nests	after	the	main	

larval	surveying	period.	Binoculars	(7x	optical	zoom)	were	used	to	assess	each	tree	

for	OPM	nests	by	walking	around	the	base	of	the	tree	and	following	each	branch	by	

eye	 from	the	main	 trunk.	This	method	of	 surveying	 is	 the	current	standard	method	

for	 surveying	 OPM	 populations.	 Each	 tree	 was	 surveyed	 once	 for	 five	 minutes	

between	 6th	 August	 and	 15th	 August	 in	 2014,	 and	 between	 23rd	 July	 2015	 and	 7th	

August	in	2015.	In	the	Royal	Parks,	contractors	had	begun	to	remove	some	nests	from	

the	survey	sites	 in	both	years.	 In	this	 instance,	 trees	were	not	visually	assessed	and	

the	number	of	nests	 removed	by	 the	 contractors	was	 taken	as	 the	number	of	nests	

that	were	present	on	the	tree.	Contractors	write	 the	number	of	nests	removed	on	a	

tag	fitted	to	the	infested	tree,	and	this	information	was	recorded	during	the	surveys.		
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2.2.1.5 Habitat	Surveys		

To	test	the	hypothesis	that	OPM	numbers	are	positively	correlated	to	oak	density	(as	

is	seen	in	PPM),	but	negatively	correlated	to	tree	diversity	and	understory	diversity	

(Tahvanainen	 &	 Root,	 1972),	 it	 was	 important	 to	 collect	 a	 range	 of	 environmental	

data.	Diameter	 at	 breast	 height	 is	 correlated	with	 tree	height	 and	 is	 a	 good	overall	

measure	of	 tree	 size	 (Avsar,	2004).	The	DBH	of	 the	75	 trees	per	 site	used	 for	OPM	

surveys	 was	 calculated	 by	measuring	 the	 circumference	 of	 each	 tree	 in	 2014,	 at	 a	

height	of	approximately	1.3	m	above	the	ground,	and	dividing	by	π.	(Table	S1)	

	

Tree	 species	 richness,	 percentage	 oak	 and	 oak	 density	 were	 calculated	 in	 closed	

canopy	woodland	(and	at	both	sites	at	Wimbledon	Common),	in	2015,	using	two	50	x	

50m	 quadrats,	marked	 out	 using	white	 poles.	 Each	 tree	with	 a	 DBH	 of	 over	 10cm,	

within	a	single	quadrat	was	identified	following	Cleave	(1994)	and	marked	with	chalk	

to	prevent	recounting.	The	total	number	of	tree	species	and	number	of	oaks	recorded	

in	the	two	quadrats	were	summed	to	provide	an	estimate	of	tree	species	richness	and	

oak	 density	 per	 hectare.	 The	 percentage	 oak	 was	 calculated	 by	 dividing	 the	 total	

number	of	oaks	by	the	total	number	of	trees	and	multiplying	by	100.		

	

In	woodland	pasture,	the	total	available	area	was	surveyed,	using	footpaths	to	define	

barriers	 and	 GPS	 waypoints	 were	 recorded	 on	 a	 GPS	 unit	 (Garmin	 GPSMAP	 64).	

Polygons	 were	 then	 created	 on	 Google	 Earth	 to	 calculate	 the	 area	 surveyed.	 In	 all	

cases,	the	area	surveyed	was	greater	than	1	ha.	Oak	density	per	hectare,	tree	species	

richness	and	percentage	oak	were	calculated	for	each	area	according	to	the	total	area	

surveyed.		

	

Understory	cover	was	calculated	in	both	habitats	using	ten	10m	quadrats	placed	

every	20m	along	a	transect	through	the	centre	of	the	habitat.	Percentage	cover	was	

estimated	and	the	dominant	species	was	identified	following	Rose	(2006).	The	

number	of	species	in	each	quadrat	was	counted	and	divided	by	10	to	give	the	mean	
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species	richness	per	10m2.		Understory	was	defined	as	any	plant	below	the	canopy	

line.		

	

2.2.2 Spatial	and	temporal	population	patterns	

To	test	the	hypothesis	that	OPM	density	is	spatially	and	temporally	stable,	the	Royal	

Parks	supplied	data	on	the	total	number	of	OPM	nests	removed	from	Richmond	Park	

each	 year,	 between	 2011	 and	 2014.	 Volunteers	 surveyed	 visually	 for	 OPM	 nests	

between	 May	 and	 August.	 The	 volunteers	 undergo	 training	 and	 use	 binoculars	 to	

assess	each	tree	for	OPM	nests	by	walking	around	the	base	of	the	tree	and	following	

each	 branch	 from	 the	main	 trunk.	 Contractors	 later	 remove	 nests	 and	 the	 number	

they	remove	from	each	tree	is	recorded,	as	well	as	the	trees	location	using	GPS.	These	

data	were	combined	into	a	single	spreadsheet	and	used	to	assess	annual	changes	in	

the	distribution	of	OPM	in	Richmond	Park	from	2011	to	2014.		

	

2.2.3 Statistical	Analysis		

2.2.3.1 Survey	methods	and	2014	analysis		

To	determine	the	effectiveness	of	each	shelter	type	in	attracting	OPM,	the	number	of	

OPM	nests	removed	from	shelters	was	summed	over	the	eight-week	survey	period	to	

give	 the	 total	number	of	nests	 removed	per	 shelter.	The	 total	number	of	nests	was	

normally	 distributed	 and	 was	 analysed	 using	 a	 one-way	 ANOVA.	 Significant	

differences	between	treatment	means	were	identified	using	post-hoc	Tukey	tests.	To	

compare	 the	 effectiveness	 of	 visual	 surveys	 and	 shelters	 in	 detecting	 OPM,	 the	

number	of	nests	found	using	wooden	and	hessian	shelters	were	grouped	together	and	

summed	over	 the	 survey	period	and	 compared	 to	 the	number	of	nests	 found	using	

visual	surveys	of	the	same	trees	using	a	Wilcoxon	rank	sum	test.		

	

The	 number	 of	 nests	 removed	 from	 larval	 shelters	 over	 the	 eight	 weeks	 were	

summed	and	added	to	the	number	of	nests	observed	from	visual	observations	to	give	

the	 total	 number	 of	 nests	 per	 tree.	 Total	 nests	 were	 over-dispersed	 and	 the	



 

60	

	

experimental	design	was	unbalanced,	and	 therefore	 the	data	were	analysed	using	a	

generalised	 linear	model	 (GLM)	with	negative	binomial	 errors,	with	habitat	 (closed	

woodland	or	open	woodland)	nested	within	site	(Richmond	Park	1,	Richmond	Park	2,	

Bushy	Park	and	Wimbledon	Common)	and	DBH	included	as	a	covariate.		

	

2.2.3.2 2015	Analysis		

The	number	of	nests	 removed	 from	 larval	 shelters	were	 summed	and	added	 to	 the	

number	of	nests	observed	from	visual	observations	to	give	the	total	number	of	nests	

per	 tree.	 Total	 nests	were	 analysed	 by	 GLM	 using	 the	 same	 design	 as	 in	 2014.	 An	

ANOVA	was	also	used	to	compare	the	results,	as	there	was	a	balanced	design	in	2015	

compared	 to	 2014.	 The	 ANOVA	 used	 a	 nested	 model	 where	 habitat	 (Woodland	

pasture	and	closed	canopy)	was	nested	within	site	(Richmond	1,	Richmond	2,	Bushy	

and	Wimbledon).	Post-hoc	Tukey	tests	were	used	to	assess	differences	among	sites.		

	

2.2.3.3 Habitat	composition		

Habitat	effects	were	analysed	using	GLMM	with	a	Poisson	error	distribution	and	 log	

link	function	to	account	for	count	data.	Each	factor	(percentage	oak,	oak	density,	tree	

species	 richness,	 understory	 cover	 and	understory	 richness;	 shown	 in	Table	1)	was	

included	as	a	 fixed	effect,	 and	 location	 (Richmond	1,	2,	Wimbledon	and	Bushy)	was	

included	as	a	random	effect.	The	least	significant	factor	was	removed	from	the	model	

for	model	simplification	and	the	analysis	repeated.	This	process	was	continued	until	

the	best	fit	was	achieved.	Model	fit	was	compared	using	AIC	criteria,	where	the	model	

with	the	lowest	AIC	value	was	considered	a	better	fit	(Sakamoto	et	al.,	1986).	The	final	

model	 included	percentage	oak,	oak	density	and	understory	richness	as	 fixed	effects	

and	location	as	a	random	effect	on	the	number	of	OPM	nests.		

	

The	 probability	 of	 attack	 was	 calculated	 using	 a	 binomial	 GLM	 to	 analyse	 the	

presence/absence	of	OPM	nests	on	individual	trees,	with	site	and	oak	density	included	

as	fixed	effects.	Habitat	features	were	analysed	using	JMP	Pro12	(SAS	Institute,	2016).	
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2.2.3.4 Spatial	and	temporal	population	patterns	

Nest	 clustering	 was	 analysed	 in	 ArcGIS	 version	 10.3.1.	 Moran’s	 I	 with	 zone	 of	

indifference	using	Euclidean	distance	was	used	to	determine	the	spatial	distribution	

of	OPM	nests.	Hot	and	cold	spots	of	OPM	nests	were	plotted	visually	using	a	hotspot	

analysis.	 The	 Hot	 Spot	 Analysis	 calculates	 the	 Getis-Ord	 Gi*	 statistic.	 The	 package	

compares	 the	 local	 sum	 for	 a	 feature	 combined	 with	 the	 closest	 other	 features	

proportionally	 to	 the	 sum	 of	 all	 features.	 When	 the	 local	 sum	 is	 different	 to	 the	

expected	local	sum,	a	significant	hot	or	cold	spot	is	detected	(DeGroote	et	al.,	2008).	

The	hot	and	cold	spots	were	then	visually	represented	onto	a	base	map	of	Richmond	

Park	using	Google	Earth	images	and	the	GPS	locations	of	each	of	the	trees	surveyed.		

	

All	 analyses,	 unless	 otherwise	 stated,	 were	 carried	 out	 in	 R	 (Version	 2.13.1;	 R	

Development	Core	Team,	2011).		

	

2.3 Results		

2.3.1 Survey	methods		

A	total	of	15	nests	were	found	in	hessian	shelters,	six	in	wooden	shelters	and	none	in	

the	 control	 treatment.	 The	 one-way	 ANOVA	 revealed	 there	 was	 a	 significant	

difference	 in	 the	 number	 of	 OPM	 nests	 found	 in	 each	 shelter	 type	 (F2,522	 =	 6.665,	

P=0.001;	 Figure	9),	with	hessian	being	more	 effective	 than	 the	 control	 (Tukey	 test,	

P<0.05),	but	no	difference	between	hessian	and	wooden	shelters,	or	between	wooden	

shelters	and	the	control.	A	Wilcoxon	rank	sum	test	revealed	a	highly	significant	effect	

of	survey	method	(W=177352,	D.F	=	1	P<0.001),	with	96%	of	the	nests	found	during	

the	 visual	 surveys	 after	 the	main	 larval	 shelter-sampling	 period	 (Figure	 10).	 There	

was	a	significant	positive	relationship	between	the	number	of	nests	found	in	shelters	

and	the	total	number	of	nests	per	tree	(r=0.167,	N=525,	P<0.01,	R2=0.03).		
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2.3.2 OPM	populations	in	2014	

For	the	number	of	OPM	nests	per	tree,	there	was	a	non-significant	main	model	result	

(Z=1.848,	DF=511	P=0.06).	The	analysis	showed	that	Richmond	Park	site	2	contained	

the	 greatest	 number	 of	 nests	 (Z=2.088,	 P=0.036),	 and	 an	 effect	 of	 habitat,	 with	

woodland	pasture	at	Richmond	Park	site	1	(Z=6.580,	P<0.001)	and	at	Richmond	Park	

site	 2	 (Z=7.656,	 P<0.001)	 containing	 significantly	 more	 OPM	 nests	 than	 woodland	

canopy.	Tree	size	also	had	an	effect	on	the	number	of	OPM	nests	(Z=2.669,	P=0.008),	

with	 larger	 trees	 containing	more	nests.	At	Richmond	Park	 site	2,	within	woodland	

pasture,	smaller	trees	contained	more	OPM	nests	(Z=-2.511,	P=0.01).		

	

2.3.3 OPM	populations	in	2015		

GLM	and	ANOVA	gave	the	same	significant	results.	Here,	the	GLM	is	reported.	For	the	

number	 of	OPM	nests	 per	 tree,	 there	was	 a	 significant	main	model	 result	 (Z=2.322,	

DF=161	P=0.02)	There	was	a	significant	effect	of	habitat	and	location,	with	the	most	

nests	found	in	Richmond	Park	site	2	(Z=1.99	P=0.04),	and	trees	in	Richmond	Park	site	

1	 pasture	 containing	 more	 nests	 than	 trees	 in	 closed	 canopy	 (Z=3.50,	 P<0.001)	

(Figure	 11).	 At	 Richmond	 Park	 site	 1,	 smaller	 trees	 contained	 more	 OPM	 nests	 in	

woodland	pasture	(Z=-3.898,	P<0.01).		

	

2.3.4 Habitat	composition	

Habitat	composition	had	an	effect	on	the	number	of	OPM	nests	per	tree	(X2	=	201.64,	

DF	=	3,	P	<0.001),	with	percentage	oak	(X2	=	16.98,	P<0.001)	and	oak	density	(X2	=	

126.16,	P<0.01)	having	a	significant	negative	effect	on	the	number	of	OPM	nests	per	

tree	(Figure	12),	but	 there	was	no	effect	of	understory	richness	(X2	=3.26,	P	=0.07).	

Understory	percentage	cover	and	 tree	 species	 richness	also	had	no	effect	and	were	

excluded	from	the	model.	

	

Trees	were	more	likely	to	contain	OPM	in	areas	of	low	oak	density	than	areas	of	high	

oak	 density	 (Figure	 13)	 (X2=9.32,	 DF=1,	 P<0.003).	 There	was	 also	 an	 effect	 of	 site,	
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with	trees	in	Richmond	Park	(2)	more	likely	to	contain	OPM	at	the	same	tree	density	

than	the	other	sites.		(X2=13.45,	DF=3,	P<0.004).		

	

2.3.5 Spatial	and	temporal	patterns		

Within	 Richmond	 Park	 (Figure	 14),	 the	 distribution	 of	 OPM	 nests	 from	 2011	 and	

2014	 was	 spatially	 autocorrelated	 (Moran’s	 I	 =	 0.097,	 Z=12.39,	 P<0.001),	 with	 six	

distinct	hotspots	and	five	distinct	coldspots	found	in	Richmond	Park	(P<0.05)	(Figure	

15).	Hotspots	 tend	 to	 be	 found	 on	 the	 Park	 periphery,	with	 coldspots	 found	 in	 the	

Park	interior.			

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



 

64	

	

	

Table	1.	Habitat	factors	calculated	from	areas	used	for	OPM	surveys	in	West	London.	

Understory	species	richness	was	calculated	for	10m2.	All	other	factors	are	

per	hectare.	

	

	

	

Area	 Understory	

cover	(%)	

Understory	

species	

richness	

Trees	 Tree	

species	

richness	

Percentage	

oak	

Richmond	Park	

Pasture	1	
98.2	 6.2	 24	 3	 96	

Richmond	Park	

Canopy	1	
77.6	 2.3	 188	 3	 68	

Richmond	Park	

Pasture	2	
91.3	 5.5	 15	 8	 70	

Richmond	Park	

Canopy	2	
45.5	 2.4	 80	 3	 63	

Bushy	Park	

Pasture	
97.6	 4.2	 12	 8	 76	

Bushy	Park	

Canopy	
69.0	 4.8	 258	 16	 19	

Wimbledon	

Common	Pasture	
63.0	 7.2	 290	 14	 48	

Wimbledon	

Common	Canopy	
40.3	 5.2	 330	 8	 68	
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Figure	9.	The	mean	number	of	OPM	nests	 found	using	two	types	of	 larval	shelter	at	

Richmond	 Park,	 Bushy	 Park	 and	Wimbledon	 Common	 in	 2014.	 Shelters	

were	 attached	 at	 a	 height	 of	 3m	 and	 checked	 weekly	 for	 eight	 weeks.	

Control	 trees	 had	 no	 shelter	 attached	 and	 were	 checked	 at	 a	 randomly	

assigned	aspect.		Error	bars	are	+/-	1	Standard	Error.		
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Figure	10.	The	difference	between	the	numbers	of	OPM	nests	found	using	two	survey	

methods	at	Richmond	Park,	Bushy	Park	and	Wimbledon	Common.	Shelters	

included	two	types;	a	hessian	shelter	and	a	wooden	shelter.		Shelters	were	

attached	to	oak	trees	at	a	height	of	3m	and	checked	weekly.	Observations	

were	 carried	out	 using	binoculars	 to	 visually	 assess	 trees	 for	OPM	nests	

and	were	carried	out	weekly.	Error	bars	are	+/-	1	Standard	Error.	
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Figure	11.	The	mean	number	of	OPM	nests	per	 tree	 found	through	combined	visual	

observations	 and	 hessian	 shelters	 in	 2015	 in	 closed	 canopy	 (Blue)	 and	

woodland	pasture	(Orange)	habitats.	Error	bars	are	+/-	1	Standard	Error.	

	

Figure	12.	The	relationship	between	oak	density	per	hectare	and	the	number	of	OPM	

nests	per	tree.	Two	habitat	types	were	assessed;	Woodland	canopy	(Blue)	

and	 woodland	 pasture	 (Orange)	 paired	 within	 Bushy	 Park,	 Wimbledon	

common	and	two	areas	within	Richmond	Park.		
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Figure	13.	The	probability	of	a	tree	containing	an	OPM	nest	at	different	oak	densities	

in	Richmond	Park	1	(green	line);	Richmond	Park	2	(blue	line);	Bushy	Park	

(red	line)	and	Wimbledon	Common	(yellow	line).	
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Figure	14.	The	outline	(Red	line)	of	Richmond	Park,	Surrey,	showing	the	topography	

of	the	Park.			
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Figure	15.	Hotspot	analysis	of	OPM	nest	density	in	Richmond	Park.	Each	circle	

represents	a	single	tree	that	has	been	surveyed.	Blue	circles	indicate	

coldspots	(P<0.05);	red	circles	indicate	hotspots	(P<0.05);	yellow	circles	

show	no	significant	hot	or	cold	spots.	
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2.4 Discussion	

2.4.1 Surveying	OPM		

Larval	 shelters	were	 a	 poor	method	 of	 OPM	detection	 compared	 to	 visual	 surveys.	

Although	larval	shelters	and	traps	have	been	used	for	other	Lepidoptera	species	(e.g.	

Suckling	 et	 al.,	 1999;	 Timms	 &	 Smith,	 2011),	 they	 appear	 to	 be	 an	 inappropriate	

method	for	surveying	OPM.	This	may	be	a	result	of	OPM	behavior	compared	to	other	

species,	as	OPM	construct	nests	to	protect	themselves.	However,	hessian	shelters	do	

appear	 to	 encourage	OPM	 to	 congregate	 on	 a	 specific	 part	 of	 the	 tree	 compared	 to	

when	 no	 larval	 shelter	 is	 present.	 This	 could	 be	 a	 form	 of	 energy	 conservation,	 as	

sheltering	under	bands	of	hessian	avoids	 the	energetic	 investment	a	colony	of	OPM	

makes	when	constructing	a	silken	nest	(Craig	et	al.,	1999),	or	acts	as	extra	protection	

when	the	larvae	are	molting.		

	

Although	 there	 was	 a	 correlation	 between	 the	 number	 of	 nests	 found	 in	 larval	

shelters,	total	number	of	larvae	and	the	total	number	of	OPM	nests	present	in	a	tree,	

only	3%	of	the	variation	could	be	explained	by	shelters.	This	means	that	OPM	found	

in	larval	shelters	are	unsuitable	as	a	proxy	for	OPM	populations	and	therefore	visual	

surveys	 whilst	 time-consuming,	 should	 remain	 the	 most	 effective	 and	 preferred	

survey	 method.	 Hessian	 shelters	 are	 however	 a	 useful	 tool	 for	 collecting	 larval	

samples	which	were	used	for	genetic	testing	(see	Chapters	3	and	4).		

	

2.4.2 Habitat	composition		and	OPM	populations		

Greater	numbers	of	OPM	nests	were	 found	 in	open	woodland	areas	compared	with	

closed	 woodland.	 These	 data	 support	 the	 hypothesis	 that	 OPM	 favour	 open	 areas	

compared	 to	 closed	 canopy	 stands.	 And	 reflects	 similar	 findings	 by	 Damien	 et	 al.	

(2016)	 who	 found	 that	 the	 proportion	 of	 trees	 attacked	 by	 PPM	 was	 inversely	

correlated	 to	 host	 density.	 This	 is	 likely	 a	 result	 of	 resource	 dilution	 (Otway	 et	 al.,	

2005),	 where	 attacks	 are	 accumulated	 on	 more	 apparent	 trees	 at	 lower	 densities.	

Continental	 populations	 of	 OPM	 (Stigter	 et	 al.,	 2007)	 as	well	 as	 the	 closely	 related	
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PPM	(Dulaurent	et	al.,	 2011)	and	Thaumetopoea	herculeana	 (Simonato	et	al.,	 2014)	

also	prefer	more	open	habitats.	Although	OPM	 larvae	will	move	between	 trees	as	a	

result	 of	 resource	 depletion	 (i.e.	 tree	 defoliation),	 the	 spatio-temporal	 patterns	 of	

OPM	nests	are	most	likely	representative	of	female	egg-laying	choice.		

	

Egg	laying	choices	have	been	observed	in	other	processionary	species.	For	example,	

Ochrogaster	 lunifer	 (Floater	&	Zalucki,	2000),	where	host	apparency	and	quality	are	

important	factors	affecting	female	egg	laying	decisions.	Host	apparency	has	also	been	

shown	 to	 be	 important	 for	 PPM	 egg-laying	 choice	 (Dularurent	 et	 al.,	 2012).	 This	

finding	 may	 reflect	 the	 probability	 of	 a	 tree	 being	 located	 by	 a	 gravid	 female	

(Dempster	&	Hall	1980).	Many	Lepidoptera	species	will	land	on	non-host	plants	when	

visual	 cues	are	obscured	(Wiklund,	1984).	Where	host	plants	are	visually	apparent,	

non-host	 landing	 occurs	 infrequently	 (Firempong	 &	 Zalucki	 1989),	 suggesting	 that	

many	 Lepidoptera	 use	 visual	 cues	 to	 locate	 host	 plants.	 Exposed	 trees	 may	 also	

present	 a	 lower	mortality	 risk	 to	 adult	 females,	 for	 example	 from	spiders	 (Rausher	

1979).	Exposed	trees	may	also	favor	larval	development	due	to	greater	sun	exposure	

and	higher	temperatures	compared	to	dense	woodland.	Temperature	is	important	for	

the	 development	 of	many	 processionary	moths	 (Battisti	 et	 al.,	 2006;	 Robinet	 et	 al.,	

2011;	Tamburini	et	al.,	2013),	as	well	as	OPM	(Meurisse	et	al.,	2012).	Adult	OPM	only	

live	 for	 a	 few	days	and	do	not	 eat.	Thus	 locating	 suitable	oaks	may	be	a	 significant	

factor	 in	 female	 decision-making.	 It	 is	 believed	 that	 adult	 female	 OPM	 fly	 between	

dusk	and	dawn	and	may	use	visual	or	chemical	cues	(Knolhoff	&	Heckel,	2014)	as	a	

way	to	locate	host	plants.		

	

When	 looking	 at	 the	 differences	 between	 sites,	 woodland	 pasture	 habitat	 at	

Wimbledon	 Common	 contained	 significantly	 fewer	 nests	 than	woodland	 pasture	 at	

Richmond	Park	(2)	or	Bushy	Park.	This	may	be	explained	by	 the	density	of	 trees	at	

the	 Wimbledon	 site	 (Table	 2),	 as	 tree	 density	 was	 1108%	 higher	 at	 Wimbledon	

common	compared	to	Richmond	Park	(1).		The	woodland	pasture	site	at	Wimbledon	

Common	was	added	to	 the	experimental	design	 in	2015	and	was	the	only	area	 that	

was	agreed	upon	by	the	Common	management.	This	anomaly	in	result	clearly	shows	
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that	tree	density	is	an	important	factor	in	explaining	OPM	abundance.	There	was	no	

difference	in	OPM	numbers	in	woodland	canopy	between	all	sites.		

	

There	was	no	evidence	that	tree	species	richness	affects	OPM	numbers,	and	adds	to	

the	growing	inconsistency	in	the	role	of	biodiversity	on	invasion	(Fridley	et	al.,	2007).	

Some	 authors	 report	 experiments	 finding	 a	 negative	 relationship	 between	 richness	

and	invasibility	(Naeem	et	al.,	2000;	Kennedy	et	al.,	2002),	whereas	other	authors	of	

surveys	find	a	positive	relationship	(Lonsdale,	1999;	Stohlgren	et	al.,	1999).	Scale	 is	

thought	to	be	the	most	likely	explanation	for	this	paradox	(Fridley	et	al.,	2007).	It	is	

widely	considered	that	at	small	scales,	diversity	increases	invasion	resistance,	but	at	

larger	scales,	a	positive	relationship	exists	(Shea	&	Chesson	2002).	In	this	chapter,	all	

field	 sites	 used	 are	 semi-natural	 woodland	 and	 parkland	 considered	 areas	 of	 high	

biodiversity	 within	 the	 greater	 London	 area	 (e.g.	 Stork	 et	 al.,	 2001).	 As	 scale	 is	

considered	 to	 be	 a	 fundamental	 component	 of	 invasibility,	 looking	 at	 the	 effect	 of	

landscape	diversity	on	OPM	invasion	may	yield	a	different	set	of	results	(e.g.	Rigot	et	

al.,	2014).		

	

There	was	also	no	effect	of	the	understory	on	OPM	numbers.	Understory	growth	can	

have	an	impact	on	herbivorous	insects	(Richards	&	Coley,	2007),	often	indirectly,	as	

the	 understory	 can	 be	 an	 important	 source	 of	 natural	 enemies	 and	 parasitoids	

(Langellotto	&	Denno,	2004).	As	OPM	spend	the	majority	of	 their	 time	 in	 the	upper	

canopy	 the	 understory	 composition	 is	 unlikely	 to	 impact	 on	 their	 populations	

directly.	The	effect	of	natural	enemies	and	parasitoids	on	OPM	is	the	focus	of	Chapter	

4.		

	

2.4.3 Spatial	and	temporal	population	patterns	

The	 secondary	 data	 analysis	 revealed	 areas	 within	 Richmond	 Park	 to	 have	

consistently	 high	 OPM	 density	 and	 areas	 with	 consistently	 low	 OPM	 density.	 The	

areas	of	high	OPM	density	are	in	relatively	open	areas	with	low	tree	density,	that	are	
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all	on	the	park	periphery.	The	interior	of	the	park	is	characterized	by	consistently	low	

OPM	 density.	 This	 pattern	 of	 density	 may	 be	 caused	 by	 a	 combination	 of	 park	

management	and	regular	re-colonisation	of	OPM	from	surrounding	areas.	The	Parks	

removed	 all	 OPM	 nests	 found	 during	 the	 years	 surveyed.	 Any	 inconsistency	 in	

removal	could	lead	to	localized	hotspots	because	adult	females	lay	eggs	shortly	after	

eclosion	and	therefore	oak	trees	in	close	proximity	to	a	nest	are	more	likely	to	have	

eggs	deposited	on	 them	(Dissescu	&	Ceianu,	1968).	However,	as	all	hotspots	are	on	

the	park	boundaries	and	suggests	that	OPM	from	outside	the	park	are	a	more	likely	

source	 of	 this	 trend.	 These	 data	 were	 collected	 over	 four	 years	 by	 volunteers	 but	

were	 then	verified	by	 contractors	when	 removing	 the	nests	 so	 the	data	 are	 robust.	

However,	 some	 areas	 were	 not	 surveyed	 within	 the	 park	 so	 it	 is	 difficult	 to	 draw	

conclusions	 about	 the	 whole	 Park.	 The	 areas	 not	 surveyed	 were	 within	 dense	

woodland,	which	are	likely	to	contain	a	low	density	of	OPM.		

	

2.4.4 Conclusions		

This	 chapter	 found	 that	 visual	 surveys	 using	 binoculars	 remain	 the	 most	

effective	 method	 for	 surveying	 OPM	 nests.	 The	 number	 of	 OPM	 nests	 are	

inversely	correlated	to	oak	density	but	positively	correlated	to	the	percentage	

of	 oak	 within	 the	 habitat,	 although	 there	 appears	 to	 be	 no	 effect	 of	 tree	

diversity	 or	 understory	 on	 the	 numbers	 of	 OPM.	 This	 means	 that	 the	

probability	of	an	 individual	tree	containing	an	OPM	nest	 is	dependent	on	the	

density	of	oak	trees	in	the	stand.	Analysis	of	the	long-term	population	data	on	

OPM	 found	 that	 within	 Richmond	 Park,	 population	 density	 is	 spatially	

structured	over	 time,	with	 areas	 of	 consistently	high	population	density	 and	

areas	of	consistently	low	population	density.		
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Chapter	3: Developing	next	generation	sequencing	

methods	to	investigate	host-parasitoid	

interactions		

	

	

3.1 Introduction	

Parasitoids	are	fundamental	components	of	food	webs,	with	influence	on	community	

structure	and	diversity	(Frank	van	Veen	et	al.,	2006).	 	Traditionally,	host-parasitoid	

interactions	have	been	investigated	with	observations,	morphological	assessment,	or	

by	 rearing	 the	 host	 larvae	 until	 an	 adult	 of	 either	 the	 host	 or	 parasitoid	 emerges	

(Onstad	&	McManus,	1996;	Strand	&	Obrycki,	1996;	Yeates	&	Greathead,	1997).	The	

resulting	 parasitoid	 adult	 specimens	 are	 suitable	 for	 taxonomic	 identification	 and	

demonstrate	 that	 the	 parasitoid	 is	 able	 to	 develop	within	 the	 host.	 However,	 these	

methods	 present	 several	 problems.	 Firstly,	 the	 host	 must	 be	 identified	 during	 its	

larval	 or	 pupal	 stage,	 which	 commonly	 leads	 to	 misidentification	 (Shaw,	 1994).	

Secondly,	 the	 success	 of	 rearing	 is	 often	 lower	 than	 50%	 and	 highly	 variable	

depending	 on	 rearing	 techniques	 (Sparks	 et	 al.,	 1976).	 This	 phenomenon	 can	 be	

compounded	 further	 by	 naturally	 low	 parasitism	 rates	 (Costello	 &	 Altieri,	 1995),	

which	 means	 that	 large	 numbers	 of	 host	 larvae	 must	 be	 reared	 in	 order	 to	 get	

sufficient	data	sets	for	the	analysis	of	host-parasitoid	interactions	(Murai	et	al.,	2001).		

	

Molecular	methods	such	as	DNA	barcoding	offer	a	solution	to	some	of	the	issues	faced	

by	traditional	methods	used	in	host-parasitoid	investigations,	because	they	allow	the	
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identification	of	morphologically	ambiguous	or	immature	insects	(Miller	et	al.,	2005;	

Ball	&	Armstrong,	2006;	Pfenninger	et	al.,	2007).	Early	DNA	barcoding	work	in	host–

parasitoid	 interactions	 was	 confined	 to	 simple	 food	 webs	 mainly	 in	 agricultural	

systems	 (Gariepy	 et	 al.,	 2007).	 However,	molecular	methods	 are	 able	 to	 reveal	 the	

entire	 parasitoid	 community	 of	 a	 species,	 including	 both	 primary	 and	 secondary	

parasitoids,	 which	 have	 previously	 been	 difficult	 to	 expose	 (Traugott	 et	 al.,	 2008).	

Furthermore,	 DNA	 barcoding	 also	 reduces	 the	 time	 and	 effort	 needed	 to	 rear	 and	

identify	samples.	This	method	is	also	suitable	where	the	host	has	toxic	setae,	such	as	

in	OPM	(Fenk	et	al.,	2007),	making	rearing	difficult	or	potentially	dangerous.		

	

Despite	 the	power	of	molecular	 techniques	 to	 identify	cryptic	or	difficult	 to	 identify	

specimens,	 it	 is	 important	 that	 their	 use	 is	 accurate	 in	 identifying	 parasitized	

individuals.	 Several	 studies	 have	 found	 no	 difference	 in	 parasitism	 levels	 between	

molecular	methods	and	dissection	and/or	rearing	(Ratcliffe	et	al.,	2002;	Agustí	et	al.,	

2005;	Gariepy	et	al.,	2007;	 Jones	et	al.,	2005).	Conversely,	other	studies	have	shown	

differences	 in	 parasitism	 levels	 estimated	 by	 the	 different	 methods	 (Tilmon	 et	al.,	

2000;	 Ashfaq	 et	al.,	 2004).	 A	 more	 robust	 analysis,	 carried	 out	 by	 Gariepy	 et	 al.,	

(2008),	 contained	 a	 sample	 size	 of	 26,000	 individuals	 using	molecular	 techniques,	

dissection	 and	 rearing.	 They	 found	 similarities	 in	 parasitism	 rates	 between	 all	

methods,	 although	 molecular	 techniques	 were	 able	 to	 provide	 a	 more	 complete	

parasitoid	 species	 list	 than	 the	 other	 methods.	 However,	 although	 Gariepy	 et	 al	

(2008)	 conduced	 a	 comprehensive	 study,	 they	 were	 unable	 to	 directly	 compare	

methods	at	the	level	of	the	individual.		

	

Advances	 in	DNA	sequencing,	such	as	metabarcoding,	where	a	DNA	sample	from	an	

entire	community	is	PCR	amplified	for	a	standard	barcode	locus,	allows	multiple	taxa	

to	 be	 identified	 (e.g.	 Taberlet	 et	 al.,	 2012;	 Yu	 et	 al.,	 2012)	 and	 is	 beginning	 to	

permeate	 into	 the	 fields	 of	 community	 ecology	 and	 ecological	 network	 analysis.	

However,	data	from	metabarcoding	is	at	the	level	of	the	environment	rather	than	the	

individual,	making	 its	use	 for	analysing	host-parasite	 interactions	challenging.	More	

recent	nested	metabarcoding	tagging,	allows	multiple	DNA	sequences	to	be	read	but	
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retains	 information	 from	 the	 individual,	 including	 metadata	 such	 as	 GPS	 locations	

(Kitson	et	 al.,	 in	 prep).	 This	 facilitates	 the	use	 of	molecular	methods	 for	previously	

difficult	dietary	and	parasitism	studies	and	the	construction	of	large,	phylogenetically	

structured	species-interaction	networks	(Evans	et	al.,	2016).		

	

Research	 on	 parasitoids	 in	 the	 context	 of	 biological	 invasions	 is	 lagging	 far	 behind	

research	on	biological	 invasions	 in	 general	 (Poulin,	 in	press).	 Little	 is	 known	about	

the	host-parasitoid	interactions	of	OPM,	particularly	within	the	UK.	It	is	likely	that	the	

parasitoid	assemblage	of	OPM	in	the	UK	differs	from	that	of	continental	populations	

because	of	the	moths	relatively	recent	arrival,	and	also	because	the	UK	population	is	

thought	to	have	been	derived	from	a	relatively	small	number	of	individuals.	However,	

it	 has	 recently	 been	 discovered	 that	 Carcelia	 iliaca	 (Diptera:	 Tachinidae),	 a	

monophagous	parasitoid	of	OPM,	does	occur	in	the	UK	(Sands	et	al.,	2015).	High	rates	

of	 parasitism,	 of	 up	 to	 76%,	 have	 been	 reported	 in	 Belgium,	 France	 and	 the	

Netherlands	(Grison,	1952;	Tschorsnig,	1993;	Stigter,	Geraedts	&	Spijkers,	1997),	but	

parasitism	rates	by	C.	iliaca	in	the	UK	remain	unknown.	

	

No	other	parasitoid	has	been	observed	or	recorded	interacting	with	OPM	in	the	UK.	

Other	 parasitoids	 and	 predators	 that	may	 interact	with	OPM	 include	Hymenoptera	

(chlacids),	Diptera	(ichneumonids	&	pteromalids),	Coleoptera	(carabidae	&	silphidae)	

and	Heteroptera	(reduviidae	&	pentatomidae)	(Dissescu	&	Ceiaru,	1968;	Maksymov,	

1978;	 Tiberi	 &	 Bin,	 1988;	 Stigter	 et	 al.,	 1997;).	 Generalist	 predators	 such	 as	 ants,	

wasps	and	birds	may	also	predate	on	OPM	(Barbaro	&	Battisti,	2011).	DNA	barcoding	

may	also	reveal	 the	presence	of	microorganisms	such	as	microsporidia	(Hoch	et	al.,	

2008).	

	

OPM	 is	 an	 ideal	 organism	 for	 studies	 with	 molecular	 methods,	 compared	 to	 more	

traditional	rearing	experiments,	owing	to	the	health	and	safety	issues	associated	with	

their	urticating	setae	 (Fenk	et	al.,	2007).	As	such,	nested	metabarcoding	 techniques	

have	recently	been	developed	for	OPM	and	C.	iliaca	and,	therefore,	the	method	has	the	
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potential	 to	 be	used	 as	 a	 powerful	 tool	 in	 the	 analysis	 of	 host-parasite	 interactions	

(Kitson	et	al.,	in	prep).	Here,	the	authors	used	nested	tagging	with	Multiplex	identifier	

tags	 (MID-tags)	both	at	 the	 individual	 and	 library	 level,	 allowing	a	 large	number	of	

samples	 to	 be	 sequenced	 whilst	 also	 retaining	 data	 about	 the	 individual.	 The	

sequences	obtained	 represented	not	only	 the	host,	but	also	C.	 iliaca	 and	potentially	

other	 species	 interacting	 with	 the	 host.	 This	 approach	 reveals	 more	 about	 the	

ecological	networks	than	standard	Sanger	barcoding	approaches.		

	

Nested	metabarcoding	facilitates	the	identification	of	the	individual	and	for	the	first	

time	 allows	 a	 direct	 comparison	 between	 molecular	 identification	 and	 more	

traditional	 parasitoid	 classification.	 This	 chapter	 therefore	 aimed	 to	 compare	 the	

power	of	molecular	techniques	against	traditional	methods	and	assess	the	suitability	

of	molecular	techniques	as	a	tool	in	the	management	of	an	invasive	pest	insect.	This	

chapter	tested	the	following	hypotheses:	

	

1. Nested	meta-barcoding	is	able	to	identify	a	range	of	parasitoid	species	within	

OPM	larvae	and	pupa.	

2. Molecular	methods	are	better	able	to	detect	if	OPM	larvae	are	parasitised	by	C.	

iliaca	than	traditional	methods	of	visual	identification	and	rearing	of	larvae.			

3. Parasitised	 OPM	 larvae	 contains	 the	 greatest	 amount	 of	 C.	 iliaca	 DNA	

compared	to	other	life	stages	and	there	is	no	C.	iliaca	DNA	in	adult	OPM.		

4. Molecular	methods	identify	more	of	the	parasitoid	community	associated	with	

OPM	than	identified	by	rearing.	

5. Nested	meta-barcoding	 is	 able	 to	 identify	 the	 presence	 of	 other	 species	 that	

interact	with	OPM.		
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3.2 Methods		

3.2.1 Sample	material	and	visual	assessments	

A	 total	 of	 150	 nests	 were	 collected	 from	 Richmond	 Park,	 London,	 UK	 between	

16/07/15	and	14/08/15.	Nests	were	taken	to	Alice	Holt	Research	Centre,	Farnham,	

UK	under	licence	and	stored	at	-20°C.	Nests	were	dissected	using	a	pair	of	forceps	to	

open	each	 cocoon	chamber	and	 remove	 the	pupa,	which	were	assessed	visually	 for	

signs	 of	 parasitism.	 Parasitised	 OPM	 larvae	 failed	 to	 pupate	 and	 appeared	 very	

different	 to	 other	 life	 stages.	 Occasionally,	 C.	 iliaca	 larvae	 were	 recovered	 from	

dissections	(Figure	16	and	Figure	17).	Dissections	were	very	time	intensive	and	took	

between	 30	 and	 60	minutes	 dependant	 on	 the	 size	 of	 the	 nest.	 As	 a	 result	 of	 time	

constraints	only	34	nests	were	dissected.	These	nests	were	selected	randomly	 from	

the	pool	of	frozen	nests.	All	nest	dissections	were	carried	out	in	quarantine	facilities	

using	 full	 personal	 protective	 equipment	 and	 under	 an	 airflow	 hood.	 The	 total	

number	 of	 pupae,	 larvae	 and	 parasitized	 pupae	 were	 recorded	 and	 used	 as	 the	

categories	for	metabarcoding.	

	

To	 compare	 the	parasitoid	 status	of	OPM	 larvae	and	pupa,	 early	 instar	 larvae	were	

collected	 from	Richmond	Park	using	 the	hessian	 shelters	described	 in	Chapter	2.	A	

total	of	365	early	instar	larvae	were	used	for	metabarcoding.			
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Figure	16.	OPM	nest	prior	to	dissection	and	removal	of	OPM	and	C.	iliaca	samples.		
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Figure	17.	Visual	classification	of	samples	used	in	the	molecular	analysis.	Carcelia	

iliaca	larvae	(A);	parasitised	OPM	larvae	(B);	normal	OPM	larvae	(C);	OPM	

pupae	(D);	adult	OPM	(E).		

	

3.2.2 Metabarcoding	

To	 test	 the	 hypotheses	 that	 nested	 meta-barcoding	 is	 able	 to	 identify	 a	 range	 of	

parasitoid	 species	 within	 OPM	 larvae	 and	 pupa,	 as	 well	 as	 the	 presence	 of	 other	

organisms	that	interact	with	OPM,	the	3,315	individuals	from	the	34	nests	that	were	

dissected	were	combined	with	the	365	early	instar	OPM	larvae,	to	give	a	total	of	3680	

individuals	for	metabarcoding.	Adult	OPM	were	also	included	in	the	sequencing	as	a	

control,	as	adult	Lepidoptera	are	not	parasitised	and	would	be	free	from	C.	iliaca	DNA.	

In	 total,	 441	 adult	 OPM	 were	 included.	 Each	 individual	 OPM	 larva,	 pupa,	 adult	 or	

parasitized	individual	was	placed	in	a	single	well	of	a	deep	96-well	plate,	with	a	5mm	

stainless	 ball	 bearing	 and	 300	 μl	 of	 digestion	 buffer	 (20mM	 EDTA,	 120mM	 NaCl,	

50mM	Tris	and	1%	SDS	added	after	the	tissue	homogenisation	stage).	The	individuals	
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were	 homogenised	 by	 placing	 the	 96-well	 plate	 into	 a	 tissue	 homogeniser	

(TissueLyser	 II,	Qiagen)	at	20	Hz	 for	2	minutes.	A	 further	300	μl	of	digestion	buffer	

was	added	and	the	insect	material	was	digested	overnight	at	55°C.	Ten	microlitres	of	

the	 digestion	 supernatant	 were	 then	 used	 as	 the	 starting	 material	 for	 a	 70	 μl	

HotSHOT	DNA	extraction	 (Truett	et	 al.,	 2000)	which	was	 then	diluted	 to	1/100	 for	

PCR	amplification.		

	

A	 modified	 version	 of	 the	 standard	 Illumina	 16S	 bacterial	 metabarcoding	 protocol	

(Illumina,	2011)	was	used,	following	Kitson	et	al.,	(in	prep).	 	Briefly,	two	PCRs	were	

used	 to	 isolate	 and	 amplify	 the	 desired	 gene	 region	 and	 add	 a	 set	 of	 molecular	

identification	 tags	 (MID	 tags)	 to	 increase	 the	 resolution	 of	 sample	 identification	

(PCR1),	 followed	by	adding	further	MID	tags	and	Illumina	MISeq	adapter	sequences	

(PCR2).	 Each	 MID	 tag	 was	 composed	 of	 a	 unique	 8-nucleotide	 sequence,	 and	 was	

included	in	both	forward	and	reverse	primers.	There	were	eight	unique	forward	tags	

and	twelve	reverse	tags,	giving	a	total	of	96	unique	combinations	of	tags	per	plate.		

	

A	310	bp	fragment	of	the	Cytochrome	C	Oxidase	subunit	I	barcode	region	(coxI)	was	

amplified	 using	 primers	modified	 from	 LeRay	 (2013)	 to	 include	 standard	 Illumina	

MIDs	and	bridge	sequences.	PCR	1	was	carried	out	over	45	cycles	(98°C	for	15s,	51°C	

for	 30s	 and	 72°C	 for	 60s)	 in	 20	 μl	 reactions	 using	 MyTaq™	 Red	 DNA	 Polymerase	

(Bioline),	2μl	of	 template	DNA	and	each	primer	(final	concentration	-	0.5	μM).	PCRs	

were	checked	on	a	1.5%	agarose	gel	to	gauge	success	rates	and	10	μl	of	each	product	

was	pooled	together	(without	quantification)	to	produce	each	pre-library,	resulting	in	

40	separate	pre-libraries.	Each	pre-library	consisted	of	the	DNA	of	96	samples	from	

each	plate.	In	total	there	were	40	plates	and	hence	40	pre-libraries,	which	translates	

to	3840	samples.		

	

Each	 pre-library	 was	 quantified	 using	 a	 Qubit®	 3.0	 Fluorometer	 (ThermoFischer	

Scientific)	and	then	purified	to	remove	excess	primers	using	magnetic	beads	(AMPure	

XP)	following	(Zhong	et	al.,	2011).	Purifications	were	checked	on	a	1.5%	agarose	gel	
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and	quantified.	The	pre-library	was	then	used	as	a	template	for	PCR	2,	which	added	

the	 adapters	 necessary	 for	 Illumina	 sequencing	 as	well	 as	 two	 additional	MID	 tags	

that	uniquely	identified	the	plate.		

	

The	products	 from	PCR	2	were	quantified	 as	 above	and	 twenty	plates	were	pooled	

together	at	a	variable	rate	 in	order	 to	equalise	 the	amount	of	DNA	 from	each	plate,	

quantified	 and	 purified	 as	 above.	 Each	 library	 was	 then	 prepared	 for	 sequencing	

according	to	the	Illumina	specification	and	sequenced.		

	

Each	plate	contained	92	OPM	samples	as	well	as	two	negative	samples	(18MΩ	H2O)	

and	 two	 positive	 samples.	 The	 first	 positive	 sample	 contained	 extracted	 template	

DNA	 from	 Dikerogammarus	 villosus,	 Gammarus	 fossarum,	 G.	 pulex,	 or	 Astatotilapia	

calliptera	 and	 went	 through	 the	 same	 amplification	 stages	 as	 the	 OPM	 samples	

(hereafter	 called	 DNA	 positive).	 The	 positive	 samples	 were	 chosen	 due	 to	 the	 low	

likelihood	of	occurring	with	OPM.	The	second	positive	contained	D.	villosus.	However,	

this	 sample	 had	 been	 independently	 amplified	 using	 primers	with	 the	 correct	 tags	

and	10	μl	was	added	directly	to	each	pre-library	during	pooling	(hereafter	called	PCR	

positive).	All	OPM	samples,	positives	and	negatives	were	sequenced,	even	when	not	

detected	in	agarose	gel,	as	PCR	products	may	exist	below	gel	detectable	levels.	

	

3.2.2.1 Bioinformatic	processing	of	Illumina	MISeq	output	

Processing	 of	 Illumina	 data	 from	 raw	 sequences	 to	 taxonomic	 assignment	 was	

performed	 using	 a	 custom	 pipeline	 in	 metaBEAT	 v0.8.	 Briefly,	 reads	 were	

demultiplexed	 using	 process_shortreads	 (Catchen	 et	 al.,	 2013),	 followed	 by	 quality	

trimming	and	removal	of	PCR	primers	using	Trimmomatic	0.32	(Bolger	et	al.,	2014).	

Reads	shorter	than	100bp	were	discarded.	Paired-end	sequences	were	then	merged	

(minimum	 overlap	 10bp)	 using	 FLASH	 1.2.11	 (Magoc	 &	 Salzberg,	 2011).	 Merged	

reads	were	filtered	to	retain	only	amplicons	of	the	expected	length	(313bp	+/-	31bp)	

and	 the	 remaining	 high-quality	 sequences	 were	 clustered	 (vsearch	 v.1.1)	 across	 a	
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range	of	 clustering	similarity	 thresholds	 (0.9-1.0).	Filtering	of	 clusters	based	on	 the	

number	 of	 reads	 assigned	 to	 each	 cluster	 was	 carried	 out	 to	 minimise	 cross-

contamination	effects	between	wells.		

	

A	single	representative	sequence	from	each	cluster	was	subjected	to	a	BLAST	search	

(Zhang	&	Madden,	1997)	against	a	reference	database	compiled	from	coxI	sequences	

downloaded	 from	 Genbank	 and	 assigned	 taxonomically	 using	 a	 lowest	 common	

ancestor	approach	(LCA)	(sensu	Huson	et	al.,	2007),	such	that	for	each	query	the	taxa	

receiving	 the	 top	 10%	 (bit-score)	 BLAST	 hits	 is	 identified	 based	 on	 the	 lowest	

taxonomic	level	shared	by	all	taxa	in	the	list.	The	cox1	sequence	for	C.	iliaca	had	been	

added	to	the	reference	database	prior	to	this	work	from	a	sample	obtained	from	an	

adult	C.	iliaca	(Sands	et	al.,	2016).		

	

3.2.3 Rearing		

To	test	the	hypothesis	that	the	parasitoid	community	of	OPM	identified	by	molecular	

methods	 is	 the	 same	 as	 that	 identified	 by	 rearing,	 twenty	 nests	 were	 collected	 in	

Richmond	 Park	 and	were	 transported	 to	 a	 secure	 area	 within	 the	 park	 (Sidmouth	

Wood)	 for	 rearing	 (wk	 commencing	 6th	 July	 2015).	 Under	 license	 restrictions,	 we	

were	unable	to	rear	OPM	in	the	laboratory.	Each	nest	was	attached	at	a	height	of	1.5	

m	to	an	oak	tree	using	a	string	mesh	and	polypropylene	rope	with	an	emergence	trap	

secured	over	the	nest	(Figure	18).	The	contents	of	the	emergence	traps	were	checked	

four	 times	 a	 week	 between	 20th	 July	 2015	 and	 1st	 September	 2015	 and	 any	

arthropods,	 including	 adult	 parasitoids,	 were	 removed	 and	 identified.	 Seven	 of	 the	

nests	were	removed	on	1st	September	and	dissected	at	Alice	Holt,	where	the	number	

of	 pupa,	 adults,	 parasitised	 pupa	 and	 emerged	OPM	were	 recorded.	 The	 remaining	

thirteen	 nests	 were	 transported	 to	 a	 sheltered	 location	 at	 Holly	 Lodge	 within	

Richmond	Park	and	over-wintered	in	emergence	cages	(Figure	19).	The	thirteen	over-

wintered	nests	were	checked	and	removed	on	18th	May	2016	when	any	arthropods	

were	identified.		
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3.2.4 Statistical	analysis		

One	plate	was	excluded	from	the	analyses	because	samples	were	not	identified	before	

DNA	 barcoding.	 The	mean	 number	 of	 OPM	 and	 parasitoid	 DNA	 reads	 after	 quality	

trimming	was	compared	among	sample	classes	(adult,	pupa,	 larvae	and	parasitised)	

by	ANOVA,	 using	 log-transformed	data.	Where	 a	 significant	 result	was	 found,	 post-

hoc	testing	was	carried	out	using	Tukey	tests.		

	

To	 determine	 if	 there	 was	 a	 difference	 in	 identifying	 whether	 an	 individual	 was	

parasitised	between	visual	 identification	and	barcoding,	a	χ2	 test	was	carried	out	on	

the	samples	that	had	been	characterised	visually	as	parasitised	or	not	parasitised	(not	

parasitised	consisted	of	adults,	OPM	larvae	and	pupa).	The	numbers	were	totalled	for	

each	method	and	then	analysed	using	a	contingency	table	(Table	2).	All	statistics	were	

carried	out	using	JMP	Pro12	(SAS	Institute,	2016).	
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Figure	18.	OPM	nest	secured	to	an	oak	tree	within	Sidmouth	Wood,	Richmond	Park	

using	rope.	A	modified	net	was	placed	over	the	nest	and	secured	to	the	

trunk	to	act	as	an	emergence	trap	for	adult	arthropods.		Traps	were	

checked	four	times	a	week	between	20th	July	2015	and	1st	September	

2015.	
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Figure	19.	Thirteen	OPM	nests	were	over-wintered	in	emergence	cages	at	Holly	Lodge	

within	Richmond	Park	and	adult	parasitoids	were	removed	on	18th	May	

2016.	

	

	

3.3 Results	

3.3.1 Identification	of	parasitoids.		

In	total,	9,821,270	sequences	were	retained	after	quality	trimming	and	DNA	reads	per	

well	ranged	from	0	to	21,029	(mean	=	2,611).	186	PCRs	failed,	including	41	positives.	

A	total	of	2,110	wells	contained	just	OPM	DNA,	and	57	wells	contained	just	C.	 iliaca	

DNA.	28	wells	were	contaminated	with	“other”	DNA	(Figure	20;	See	supplementary	

Table	in	appendix	A1).		An	individual	was	considered	to	be	parasitised	when	C.	iliaca	

DNA	was	identified	by	barcoding,	as	this	was	the	only	parasitoid	DNA	detected.	Other	

parasitoid	DNA,	such	as	Hymenoptera,	was	not	found	by	DNA	barcoding.	There	was	a	
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significant	effect	of	morphological	classification	on	the	number	of	OPM	reads	per	well	

(F4,4	=232.13,	P<0.001).	Post	hoc	tests	revealed	there	was	no	difference	in	the	number	

of	reads	between	pupa	and	adult	samples,	but	there	was	a	difference	among	all	other	

samples.	Control	wells	had	the	lowest	number	of	OPM	reads	and	pupa	had	the	highest	

number	of	OPM	reads	(Figure	21).		

	

There	 was	 a	 significant	 effect	 of	 morphological	 classification	 on	 the	 number	 of	 C.	

iliaca	reads	per	well	(F3,3541	=262.07,	P<0.001).	Post	hoc	tests	revealed	there	was	no	

difference	in	the	number	of	Carcelia	iliaca	reads	among	pupa,	adult	and	larvae	wells,	

but	C.	 iliaca	reads	 from	parasitised	wells	were	significantly	higher	 (P<0.05)	 (Figure	

21)	

	

3.3.2 Comparison	of	methods		

The	percentage	of	larvae	found	to	be	parasitised	from	visual	analysis	was	40%		(+/-	3	

SE)	compared	to	37%	(+/-	4	SE)	for	the	same	larvae	when	molecular	methods	were	

used.	 	 χ2	 revealed	 that	 there	was	 no	difference	 in	 the	 number	 of	 larvae	 parasitised	

from	visual	assessment	or	by	molecular	analysis	(χ2	=	0.273,	D.F	=	1,	P=	0.60;	Table	2).	

However,	there	were	differences	among	the	methods	for	the	taxonomic	identification	

of	samples.	A	total	of	three	parasitoid	species	were	identified	from	rearing	compared	

to	two	species	 for	DNA	barcoding	and	none	following	taxonomic	 identification	from	

visual	 assessment.	 On	 average	 there	 were	 6.7	 C.	 iliaca	 adults	 present	 in	 the	 over-

wintered	cages.	The	specimens	were	alive	at	the	time	of	collection.		

	

Further	analysis	of	 the	results	 from	the	DNA	barcoding	reveals	a	 total	of	 ten	 fungal	

pathogens	and/or	associates	were	 identified	 through	DNA	barcoding.	None	of	 these	

pathogens	 were	 identified	 by	 visual	 assessment	 or	 rearing.	 Both	 rearing	 and	 DNA	

barcoding	yielded	samples	that	were	unidentifiable	(Table	3).	
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Table	2.	X2	contingency	table	comparing	visual	and	molecular	classification	of	OPM	

parasitoid	status	

	 Visual	 Molecular	 Total	

Parasitised	 1254	 1271	 2525	

Not	parasitised	 1869	 1844	 3713	

Total		 3123	 3115	 6238	

	

Table	3.	Presence/absence	of	taxa	identified	using	Illumina	sequencing,	visual	

identification	and	rearing.	Presence	is	indicated	with	an	asterisk	*	

Taxa	 Barcoding	 Visual	
identific
ation	

Rearing		

Diptera	 Tachinidae	 Carcelia	iliaca		 *	 	 *	

Empididae	 Empis	livida	 *	 	 	

Hymenoptera	

Ichneumonidae	 Pimpla	
rufipes	 	 	 *	

turionellae	 	 	 *	

Ascomycota	 *	 	 	

	 Aspergillaceae	 *	 	 	

	 Aspergillus	 *	 	 	

Cordycipitaceae	 *	 	 	

Penicillium	 *	 	 	

	 sclerotiorum	 *	 	 	

Beauveria	bassiana	 *	 	 	

Didymella	pinodes	 *	 	 	

Mucorales	 *	 	 	

Rhodotorula	taiwanensis	 *	 	 	

Unidentified	 *	 *	 *	
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Figure	20.	Percentage	of	DNA	reads	associated	with	different	taxa	from	each	of	the	

3,315	samples	sequenced.	OPM	DNA	is	shown	in	Blue,	C.	iliaca	DNA	is	

shown	in	red.	All	other	taxa	are	shown	in	the	key.	X	axis	shows	the	sample		
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Figure	21.	Number	of	reads	for	OPM	(blue)	and	C.	iliaca	(red)	based	on	visual	

morphological	classification	of	samples	pre-PCR.	

	

3.4 Discussion	

Overall,	 there	was	no	difference	 in	parasitism	detection	between	visual	 assessment	

and	DNA	barcoding.	In	contrast,	 it	was	not	possible	to	detect	parasitoid	status	of	an	

individual	 using	 the	 rearing	method.	 Rearing	 did	 however,	 confirm	 that	 parasitism	

occurred	within	the	OPM	nest	and	provided	adult	parasitoids	for	identification.	DNA	

barcoding	was	 able	 to	 identify	 the	 parasitoid	 status	 of	 OPM.	 It	 also	 revealed	 other	



 

93	

	

taxa	associated	with	OPM,	including	microorganisms	such	as	molds,	yeasts	and	fungi,	

including	 potentially	 entomopathogenic	 fungi	 that	 were	 undetected	 from	 visual	

assessment	or	rearing	

	

This	 study	 demonstrates	 that	 visual	 assessment	 is	 a	 sufficient	 method	 for	

determining	the	parasite	status	of	OPM	pupa	due	to	the	clear	visual	differences	of	the	

samples	(Figure	17).	This	is	particularly	useful	for	a	non-indigenous	species	such	as	

OPM	 as	 it	 allows	 quick	 and	 cheap	 identification	 without	 specialist	 knowledge	 or	

resources.	This	would	allow	managers	 to	assess	population	dynamics	and	 influence	

management	 practices	 accordingly.	 It	 is	 not	 clear	 if	 visual	 identification	 would	 be	

suitable	for	other	Lepidoptera	taxa.		

	

Nested	 metabarcoding	 provided	 technical	 validation	 of	 the	 visual	 identification	 of	

samples.	 This	method	 also	 revealed	 other	 taxa,	 including	 fungal	 pathogens	 and/or	

associates	of	OPM	that	were	not	apparent	using	other	methods	(Derocles	et	al.,	2015).	

The	 identification	of	potential	entomopathogenic	 fungi	has	prospective	 implications	

for	 the	 management	 of	 OPM	 if	 these	 species	 can	 be	 isolated	 and	 cultured	 (Miller,	

2007).		

	

It	 is	 not	 clear	 why	 there	 are	 significant	 differences	 in	 the	 number	 of	 OPM	 reads	

between	samples	grouped	according	to	their	visual	assessment.	The	number	of	reads	

should	correlate	with	copy	number	for	a	given	locus.	Therefore,	the	number	of	reads	

may	 be	 higher	 for	 pupae	 as	 a	 result	 of	 the	 increase	 in	 mitochondria	 during	

metamorphosis	 (Ishizaki,	 1965).	 Adult	 flight	muscles	 are	 also	 rich	 in	mitochondria	

(Sacktor,	 1970),	 meaning	 there	 is	 a	 greater	 availability	 of	 DNA	 for	 amplification	

compared	 to	 other	 life	 stages.	 However,	 DNA	 availability	 may	 also	 be	 affected	 by	

extraction	 success	 of	 different	 life	 stages	 or	 by	 biomass,	 or	 by	 competition	 for	

reagents	when	more	than	one	species	is	present.		
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Carcelia	iliaca	DNA	was	found	to	be	present	in	OPM	pupa	classified	as	parasitoid	free.		

This	may	 be	 explained	 by	misidentification	 during	 the	 visual	 identification	 or	may	

represent	 failed	parasite	 attack,	where	 the	parasite	 fails	 to	 develop	 (Ratcliffe	et	 al.,	

2002).	Alternatively,	this	DNA	may	be	contamination	obtained	during	the	dissection	

or	PCR	stages.	Carcelia	iliaca	DNA	was	also	present	on	some	adult	OPM,	which	is	also	

likely	to	be	a	result	of	contamination	at	some	stage	during	the	processing	of	samples.		

OPM	 larvae	 had	 a	 low	 rate	 of	 parasitism.	 This	 is	 likely	 due	 to	 the	 larvae	 being	

collected	 earlier	 in	 the	 year,	 before	 OPM	 construct	 nests	 and	 C.	 iliaca	 are	 active	

(Tschorsnig	&	Wagenhoff,	2012	).		

	

One	 limitation	 of	 DNA	 sequencing	 is	 the	 levels	 of	 unknown	 DNA.	 Further,	 DNA	

barcoding	 has	 a	 patchy	 success	with	 identifying	 individual	 species.	 This	 could	 be	 a	

result	 of	 unknown	 cox1	 sequences	 on	 Genbank,	 resulting	 in	 less	 accurate,	 higher	

taxonomic	 identification	 (Ekrem	 et	 al.,	 2007).	 Alternatively,	 the	 low	 accuracy	 of	

barcoding	may	be	due	to	the	non-monophyly	of	the	species	at	the	mitochondrial	level	

(Whitworth	 et	 al.,	 2007).	 However,	 DNA	 barcoding	 failed	 to	 identify	 any	

Ichneumonidae	 DNA.	 Two	 Pimpla	 species	 were	 identified	 from	 rearing	 and	 are	

therefore	associated	with	OPM.	Ichneumonidae	are	represented	on	Genbank	so	their	

absence	 in	 this	 study	may	 be	 a	 false	 negative.	 This	 suggests	 that	 primer	 specificity	

could	be	 the	cause	of	 this	 result	 (Wilcox	et	al.,	2013).	 It	 is	 therefore	 important	 that	

DNA	 barcoding	 is	 used	 in	 conjunction	 with	 rearing	 experiments	 to	 enable	 cross	

reference	 and	 to	 provide	 adult	 specimens	 for	 both	 traditional	 identification	 and	

sequencing	of	their	cox1	gene.		

	

Contamination	 was	 present	 in	 this	 study.	 There	 were	 positive	 control	 sequences	

present	in	sample	wells,	as	well	as	unknown	DNA	in	positive	control	wells	and	other	

DNA	in	negative	control	wells.	One	DNA	positive	well	contained	“other”	DNA	and	may	

have	 been	 a	 result	 of	 using	 a	 different	 DNA	 positive	 sample.	 The	 overall	

contamination	level	is	similar	to	that	reported	in	Kitson	et	al.	(in	prep).	However,	in	

the	current	study,	oil	seals	were	used	to	try	and	minimize	the	contamination	between	

wells	during	both	PCRs,	but	evidently	this	was	not	entirely	successful.	Furthermore,	
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“other”	 DNA	 consisted	 of	 mainly	 aquatic	 species	 (See	 supplementary	 table	 1	 in	

Appendix	 A1),	 suggesting	 that	 contamination	 was	 occurring	 from	 general	 lab	

practices	 rather	 than	 contamination	 from	 between	 wells.	 It	 is	 difficult	 to	 filter	

background	contamination	using	the	reads	in	negative	wells	as	template	DNA	has	no	

competition	for	reagents	and	thus	will	be	disproportionately	amplified	(Kitson	et	al.,	

in	 prep).	 In	 total,	 0.8%	 of	wells	were	 contaminated,	which	means	 that	 conclusions	

drawn	from	these	data	are	still	robust.			

	

This	 study	 suggests	 that	 traditional	 methods	 of	 host-parasitoid	 interaction	 can	

augment	modern,	DNA	based	approaches.	Together	they	are	powerful	tools	that	can	

reveal	 the	 interactions	 of	 a	 single	 host-parasitoid,	 or	 the	 entire	 community	 of	

pathogens	 and	 parasitoids	 that	 affect	 a	 host.	Carcelia	 iliaca	 has	 only	 recently	 been	

discovered	 in	 the	 UK	 (Sands	 et	 al.,	 2015),	 yet	 is	 the	 predominant	 parasitoid	 of	 UK	

OPM	populations	 in	both	 the	current	study	and	 in	Kitson	et	al.	 (in	prep).	Chapter	4	

will	use	both	DNA	barcoding	and	visual	assessments	to	fully	explore	the	interactions	

of	C.	iliaca	and	OPM	in	different	habitats.		

	

3.4.1 Conclusions		

This	 chapter	has	 revealed	 that	nested	meta-barcoding	 is	 able	 to	 identify	 a	 range	of	

species	 within	 OPM	 larvae	 and	 pupa	 but	 relies	 on	 reference	 DNA	 and	 primer	

specificity	 for	 all	 potential	 species.	 When	 determining	 C.	 iliaca	 parasitism	 rates	 in	

OPM	 it	 is	 quicker	 and	 cheaper	 to	 use	 visual	 identification	 although	 careful	

consideration	 needs	 to	 be	 given	 to	 the	 health	 and	 safety	 risks	 posed	 by	 the	 larval	

setae.	 The	 use	 of	 any	 one	 method	 may	 not	 reveal	 the	 full	 suite	 of	 organisms	

interacting	with	OPM.		Therefore	a	range	of	techniques	should	be	used.		
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Chapter	4: The	community	ecology	of	oak	

processionary	moth		

	

4.1 Introduction	

Biological	 invasions	 are	 a	 major	 cause	 of	 biodiversity	 loss	 and	 species	 extinctions	

(Gurevitch	&	 Padilla,	 2004;	 Ricciardi,	 2004).	 	 For	 example,	 invasive	 Argentine	 ants	

have	 reduced	 the	 abundance	 of	 native	 ants,	 and	 also	 reduced	 local	 arthropod	

biodiversity	(Human	&	Gordon,	1997).	However,	biological	 invasions	vary	greatly	in	

their	 success	 (Williamson	&	 Fitter,	 1996),	with	 some	 species	 failing	 to	 establish	 in	

their	 new	 environment	 (Hairston	 et	 al.,	 1999).	 Understanding	 the	 causes	 of	 this	

variability	 is	 not	 only	 a	 fundamental	 facet	 of	 invasion	 biology,	 but	 also	 provides	

broader	 insight	 into	ecology	and	community	biology	(Lodge,	1993;	Shea	&	Chesson,	

2002).	Invasion	success	can	be	attributed	to	two	main	concepts,	namely	the	qualities	

of	the	invading	species	(such	as	life	history	strategies	and	resource	acquisition;	Kolar	

&	 Lodge,	 2001)	 and	 the	 features	 of	 the	 invaded	 environment	 (such	 as	 community	

structure	 and	 niche	 opportunity;	 Wiser	 et	 al;	 1998;	 Le	 Breton	 et	 al.,	 2005).	 The	

patterns	 of	 species'	 distributions	 and	 abundances	 are	 shaped	 not	 only	 by	

environmental	 factors,	 but	 also	 by	 interactions	 with	 other	 organisms	

(Thompson,	2013)	and	Shea	&	Chesson	(2002)	suggest	that	community	ecology	could	

be	used	as	a	 framework	for	biological	 invasions,	with	the	combination	of	resources,	

natural	 enemies,	 the	 physical	 environment	 and	 the	 interactions	 between	 these	

factors,	 coined	 ‘niche	 opportunity’,	 as	 the	 regulatory	 factors	 of	 a	 potential	 invasive	

species.	 Niche	 opportunity	 suggests	 that	 mature	 communities	 have	 limited	 niche	
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opportunity	 as	 available	 niches	 are	 taken	 by	 established	 species,	 and	 therefore	

exhibit	 greater	 invasion	 resistance	 compared	 to	 immature	 communities	 (Shea	 &	

Chesson,	2002).		

	

Augmenting	 the	 community	 ecology	 framework	 is	 the	 enemy	 release	 hypothesis	

(ERH)	 (Elton	 1958;	 Jeffries	 and	 Lawton	 1984;	Wolfe	 2002).	 The	 ERH	 predicts	 that	

non-indigenous	 species	 experience	 reduced	 pressure	 from	 natural	 enemies	 in	 the	

invaded	environment.	Thus,	the	ERH	suggests	that	the	absence	of	natural	enemies	in	

the	 new	 environment	 can	 explain	 the	 success	 of	 many	 non-indigenous	 species	

(Colautti	 et	 al.,	 2004;	 Keane	 &	 Crawley,	 2002).	 The	 process	 by	 which	 this	 success	

arises	may	occur	in	two	ways,	which	are	dependent	on	the	defences	of	the	invading	

species.	 Where	 a	 host	 is	 strongly	 regulated	 by	 natural	 enemies	 and	 exhibits	 low	

resistance	 in	 its	native	range,	survivorship	and	 fecundity	may	directly	 improve	as	a	

response	to	a	reduction	in	enemies	(Regulatory	Release).	Alternatively,	where	a	host	

is	 well	 defended	 in	 its	 native	 range,	 a	 reduction	 in	 enemies	 may	 result	 in	 a	

reallocation	of	resources	from	defence	to	population	growth	or	the	selection	of	more	

competitive	 genotypes	 over	 evolutionary	 time	 (compensatory	 release;	 sometimes	

referred	 to	 as	 the	 Evolution	 of	 Increased	 Competitive	 Ability	 (EICA)	 hypothesis;	

Blossey	&	Nötzold,	1995).		

	

Non-indigenous	 species	 have	 demonstrably	 fewer	 parasites	 in	 both	 number	 and	

prevalence	compared	to	native	populations	(Torchin	et	al.,	2003).	However,	there	is	a	

paucity	of	empirical	evidence,	especially	for	invertebrates,	linking	the	role	of	the	ERH	

or	EICA	to	invasion	success	(Wolfe,	2002).	One	of	the	few	studies	supporting	the	ERH	

comes	 from	 the	 European	 shore	 crab	 (Carcinus	 maenas	 L.),	 where	 introduced	

populations	are	free	from	parasites.	This	release	results	in	larger	body	size	compared	

to	native	populations,	conferring	improved	invasion	success	(Torchin	et	al.,	2001).		
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4.1.1 Parasitoids	and	Lepidoptera	

The	 assumption	 that	 natural	 enemies	 play	 an	 important	 role	 in	 regulating	 host	

populations	 is	 at	 the	 foundation	 of	 the	 ERH	 and	 EICA	 theories.	 	 For	 forest	

Lepidoptera,	 the	 two	 primary	 concepts	 influencing	 population	 dynamics	 are	 top-

down	(natural	enemies)	and	bottom	up	(host-plant),	which	both	act	on	fecundity	and	

survival	(Hunter	et	al.,	1997).	However,	it	is	top	down	pressure	that	is	considered	to	

be	the	dominant	factor	that	drives	many	forest	Lepidopteran	populations	(Berryman,	

1996).		

	

Parasitoids	 are	 a	 natural	 enemy	 of	 many	 Lepidoptera	 species,	 and	 parasitoids	 can	

limit	or	regulate	the	populations	of	a	single	host	(Hassell,	1978).	The	most	important	

parasitoid	 groups	 are	Hymenoptera	 (e.g.	 Braconidae,	 Ichneumonidae,	 Pteromalidae	

and	 Eulophidae)	 and	 Diptera	 (e.g.	 Tachinidae	 and	 Bombyliidae)	 (Shaw,	 1994).	

Parasitoids,	 such	 as	 Eupelmidae	 [Chalcidoidea]	 and	 Platygastridae,	 may	 attack	 the	

eggs	of	their	host.	However,	the	majority	of	parasitoids	attack	the	larval	instars.	Adult	

Lepidoptera	are	never	parasitised	(Shaw,	1994).	Parasitoids	develop	either	internally	

within	the	host’s	body	(endoparasitism)	or	externally	(ectoparasitism).	Hymenoptera	

have	an	ovipositor	that	they	use	to	inject	eggs	into	the	host.	However,	Diptera	either	

oviposit	their	eggs	directly	onto	or	close	to	the	host	and	the	larvae	then	burrow	into	

the	host,	or	the	eggs	are	laid	on	foliage	and	the	host	ingests	the	eggs,	which	then	hatch	

in	the	host’s	gut.		

	

The	larvae	of	many	Lepidoptera	have	evolved	a	range	of	defensive	adaptations	

against	natural	enemies,	including	parasitoids	(Hunter,	2000).	Some	species	use	plant	

compounds	to	prevent	attack,	such	as	the	pipevine	swallowtail	Battus	philenor,	which	

sequester	aristolochic	acids	from	their	food,	which	prevents	parasitoid	larvae	from	

developing	(Sime,	2002).	Other	species	have	developed	mutualistic	relationships	as	

defence	against	natural	enemies.	For	example,	many	lycaenid	larvae	and	pupae	

employ	complex	chemical	and	acoustic	signals	to	manipulate	ants	into	providing	

protection	(Seymour	et	al.,	2003).		



 

99	

	

	

Parasitoids	 can	mediate	 apparent	 competition	 between	 their	 hosts	 (Strauss,	 1991;	

Wootton,	 1994)	 and	 can	 be	 a	 driving	 force	 in	 species	 assemblages	 (Abrams	 et	 al.,	

1995).	Apparent	competition	has	been	observed	in	both	marine	(Schmitt,	1987)	and	

terrestrial	 systems	 (Morris	 et	 al.,	 2004).	 Parasitoids	 may	 drive	 indirect	 effects	 in	

which	 a	 suitable	 host	 can	 benefit	 from	 the	 presence	 of	 a	 marginal	 host,	 but	 the	

marginal	host	can	suffer	from	the	presence	of	the	suitable	host	as	a	result	of	increased	

parasitoid	numbers	(Heimpel	et	al.,	2003).	

	

4.1.2 Natural	enemies	of	OPM	

There	is	a	lack	of	specific	data	on	natural	enemies	of	OPM.	In	its	native	range,	eggs	are	

parasitised	by	chalcid	species	(Hymenoptera),	but	mortality	rates	are	relatively	 low	

at	 around	 15%	 (Biiotti,	 1952;	Mirchev	 et	 al.,	 2003).	 Larval	 and	 pupal	 parasitism	 is	

more	 common	 and	 is	 caused	 by	 the	 tachinid	 flies	 Carcelia	 iliaca	 and	 Pales	

processionea.	 Carcelia	 iliaca	 is	 a	monophagous	 parasitoid	 of	 OPM	 and	 has	 recently	

been	discovered	in	the	UK	(Sands	et	al.,	2015).	However,	the	impact	that	C.	iliaca	has	

on	 OPM	 populations	 is	 not	 understood,	 nor	 any	 indirect	 effects	 that	 increased	

parasitism	 may	 have	 on	 marginal	 hosts	 or	 other	 Lepidoptera	 species	 such	 as	 the	

gypsy	moth.	Ichneumonids	(Pimpla	processionea,	P.	rufipes,	Coccygomimus	turionellae,	

Theronia	 atalantae)	 and	 pteromalids	 (Dibrachys	 cavus,	 Psychophagus	 omnivorus,	

Pteromalus	puparum;	Tiberi	&	Bin,	1988;	Stigter	et	al.,	1997)	are	also	larval	or	pupal	

parasitoids	of	OPM.	However,	little	is	known	about	the	impact	these	species	have	on	

OPM	populations	in	Europe,	and	to	date	no	work	has	been	carried	out	on	parasitism	

of	OPM	in	the	UK.		

	

The	 effect	 of	 predation	 on	 OPM	 populations	 is	 even	 less	 understood.	 	 In	 Europe,	

larvae	may	be	predated	upon	by	Calosoma	inquisitor	and	C.	sycophanta	 (Coleoptera:	

Carabidae)	the	silphid	Xylodrepa	quadripunctata	(Coleopetra;	Silphidae)	the	reduviid	

bugs	 Rhinocoris	 iracundus	 and	 R.	 annulatus	 (Heteroptera:	 Reduviidae)	 as	 well	 as	

Troilus	 luridus	 (Heteroptera:	 Pentatomidae)	 (Dissescu	 &	 Ceiaru,	 1968;	 Maksymov,	
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1978).	More	generalist	predators	such	as	ants,	wasps	or	birds	(cuckoo,	hoopoe)	also	

feed	on	OPM	larvae	or	adults,	and	have	been	recorded	predating	the	closely	related	

pine	processionary	moth	(Barbaro	&	Battisti,	2011).			

	

It	was	determined	in	Chapter	2	that	more	OPM	nests	are	found	in	open	woodland,	but	

it	is	not	clear	if	this	result	is	driven	by	parasitism	by	C.	iliaca,	interactions	with	other	

species	(sensu	Thompson,	2013)	or	purely	by	the	distribution	of	oaks.	Therefore,	the	

aim	of	 this	chapter	was	to	assess	the	 interactions	between	OPM,	C.	 iliaca,	and	other	

native	species	of	the	UK.	Specifically,	whether	parasitism	rates	were	affected	by	nest	

size	 and	 habitat.	 Secondly,	 to	 identify	 OPM	mortality	 rates	 over	 two	 years	 and	 to	

ascertain	 if	OPM	shares	parasitoids	with	gypsy	moth	(Lymantria	dispar).	Thirdly,	 to	

determine	if	OPM	has	an	impact	on	local	biodiversity.	This	study	tested	the	following	

hypotheses:	

	

1. Parasitism	is	positively	correlated	to	nest	size	and	more	parasitism	occurs	in	

woodland	pasture	where	nests	are	more	abundant.	

2. Parasitism	increased	between	2014	and	2015	as	a	result	of	increased	numbers	

of	OPM	nests	in	Richmond	Park	between	2014	and	2015.		

3. The	gypsy	moth	(L.	dispar)	is	a	marginal	host	for	OPM	parasitoids.	

4. Local	arthropod	diversity	is	negatively	affected	by	the	presence	of	OPM.		

5. The	 community	 of	 species	 associated	 with	 OPM	 are	 different	 in	 open	

woodland	and	closed	woodland,	and	are	also	affected	by	the	life	stage	of	OPM.		

	

4.2 Methods	

4.2.1 Nest	sampling	and	processing	

To	test	the	hypotheses	that	parasitism	is	positively	correlated	to	nest	size	and	more	

parasitism	 occurs	 in	 woodland	 pasture	 where	 nests	 are	 more	 abundant,	 and	 to	

determine	 whether	 parasitism	 increased	 between	 2014	 and	 2015	 as	 a	 result	 of	

increased	numbers	of	OPM	nests	in	Richmond	Park	between	2014	and	2015,	a	total	of	
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250	 nests	 were	 collected	 from	 Richmond	 Park,	 London,	 UK	 in	 2014	 between	

10/07/14	and	06/08/14.	Nests	were	taken	to	Alice	Holt	Research	Centre,	Farnham,	

UK	under	licence	and	stored	at	-20°C.	Nests	were	dissected	using	a	pair	of	forceps	to	

open	each	cocoon	chamber	and	remove	the	pupa,	which	were	then	stored	in	sample	

tubes	at	-20°C.	Due	to	time	restraints	only	25	nests	were	dissected	and	processed.	All	

nest	dissections	were	carried	out	in	quarantine	facilities	using	full	personal	protective	

equipment	and	under	an	airflow	hood..		

	

In	 2015,	 150	 nests	 were	 collected	 from	 Richmond	 Park,	 London,	 UK	 between	

16/07/15	 and	 14/08/15.	 A	 total	 of	 74	 nests	were	 processed	 as	 above,	 except	 that	

before	 dissection	 each	 nest	 was	 weighed	 and	 measured	 using	 a	 measuring	 tape	

across	 two	 opposite	 axes.	 Further,	 each	 pupa	 removed	 from	 the	 nest	was	 assessed	

visually	for	signs	of	parasitism	as	described	in	Chapter	3.	Younger,	early	instar	larvae	

were	collected	from	Richmond	Park	using	the	hessian	shelters	described	in	Chapter	2.		

	

4.2.2 Associated	Species	

In	2014,	25	hessian	and	25	wooden	shelters	were	used	 to	 survey	 for	OPM	nests	 in	

each	 habitat	 at	 Richmond	 Park,	 Bushy	 Park	 and	Wimbledon	 Common	 (Chapter	 2).	

Each	 shelter	was	 checked	weekly	 for	OPM	 individuals	 and	nests	 for	 a	 total	of	 eight	

weeks	 from	02/06/2014	 to	 28/07/2014.	 Gypsy	moth	 and	 black	 arches	 (Lymantria	

monacha)	 larvae	 were	 identified	 and	 removed	 from	 the	 shelters.	 All	 other	

Lepidoptera	 larvae	 present	 in	 the	 shelters	 or	 on	 control	 areas	 were	 placed	 into	 a	

sample	 tube	 for	 later	 identification	at	Alice	Holt	Research	Centre,	 Farnham.	To	 test	

the	hypothesis	that	OPM	is	negatively	affecting	local	arthropod	biodiversity,	all	other	

arthropods	under	the	shelters	were	identified	visually	in	situ	or	samples	were	taken	

for	identification	to	Order	level		

	

In	2015,	25	hessian	shelters	were	used	 to	 survey	 for	OPM	 larvae	and	nests	 in	each	

habitat	 (Chapter	 2).	 Each	 shelter	 was	 surveyed	 fortnightly	 from	 01/06/15	 to	
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14/08/15.	Any	gypsy	moth	 larvae	were	 identified,	placed	 in	 sample	 tubes,	 taken	 to	

Alice	Holt	Research	Centre	and	stored	at	-20°C.		

	

4.2.3 Metabarcoding	

For	 the	 2014	 sample,	 919	 OPM	 pupae	 were	 used.	 Each	 pupae	 was	 placed	 in	 an	

individual	 well	 of	 a	 deep	 96-well	 plate,	 making	 a	 total	 of	 ten	 plates	 in	 total.	 To	

improve	 breakdown	 of	 cells	 and	 allow	 the	 digestion	 buffer	 to	 fully	 permeate	 the	

pupae,	the	pupal	case	was	punctured	using	autoclaved	toothpicks.	Digestion	of	pupa	

was	done	with	670	μl	of	digestion	buffer	(20mM	EDTA,	120mM	NaCl,	50mM	Tris	and	

1%	 SDS)	 with	 30	 μl	 of	 10	 mg/ml	 Proteinase	 K	 solution	 and	 incubated	 at	 37oC	

overnight.	Ten	microliters	of	the	digestion	supernatant	was	extracted	and	used	as	the	

starting	material	 for	a	70	μl	HotSHOT	DNA	extraction	(Truett	et	al.,	2000)	 that	was	

then	diluted	1/100	for	PCR	amplification.	

	

A	modified	 version	 of	 the	 standard	 Illumina	 16S	 bacterial	 metabarcoding	 protocol	

(Illumina,	2011)	was	used,	following	Kitson	et	al.,	(in	prep).	 	Briefly,	two	PCRs	were	

used	 to	 isolate	 and	 amplify	 the	 desired	 gene	 region	 and	 add	 a	 set	 of	 molecular	

identification	 tags	 (MID	 tags)	 to	 increase	 the	 resolution	 of	 sample	 identification	

(PCR1),	 followed	by	adding	further	MID	tags	and	Illumina	MISeq	adapter	sequences	

(PCR2).	 Each	 MID	 tag	 was	 composed	 of	 a	 unique	 8-nucleotide	 sequence,	 and	 was	

included	in	both	forward	and	reverse	primers.	There	were	eight	unique	forward	tags	

and	twelve	reverse	tags,	giving	a	total	of	96	unique	combinations	of	tags	per	plate.		

	

A	310	bp	fragment	of	the	Cytochrome	C	Oxidase	subunit	I	barcode	region	(coxI)	was	

amplified	 using	 primers	modified	 from	 LeRay	 (2013)	 to	 include	 standard	 Illumina	

MIDs	and	bridge	sequences.	PCR	1	was	carried	out	over	45	cycles	(98°C	for	15s,	51°C	

for	 30s	 and	 72°C	 for	 60s)	 in	 20	 μl	 reactions	 using	 MyTaq™	 Red	 DNA	 Polymerase	

(Bioline),	2μl	of	 template	DNA	and	each	primer	(final	concentration	-	0.5	μM).	PCRs	

were	checked	on	a	1.5%	agarose	gel	to	gauge	success	rates	and	10	μl	of	each	product	
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was	pooled	together	(without	quantification)	to	produce	each	pre-library,	resulting	in	

ten	 separate	 pre-libraries	 (corresponding	 to	 each	 of	 the	 ten	 original	 plates).	 Two	

aliquots	 of	 each	 pre-library	 were	 gel	 purified	 to	 remove	 excess	 primers	 using	

QIAquick	 gel	 extraction	 kit	 (Qiagen).	 Purified	 pre-libraries	were	 quantified	 using	 a	

nanodrop	ND-1000	(Thermo	Scientific)	and	pooled	ready	for	the	library	preparation	

PCR	and	Illumina	MiSeq	V3	(2	x	300bp)	sequencing	(Macrogen,	South	Korea).	

	

Each	plate	contained	92	OPM	samples,	 two	negative	samples	(18MΩ	H2O),	and	two	

positive	 samples.	 The	 first	 positive	 contained	 a	mixture	 of	 extracted	 template	DNA	

from	Astatotilapia	 calliptera	 (a	 cichlid	 fish),	Comaster	 audax	 (a	 crinoid)	 and	Triops	

cancriformis	 (a	 tadpole	 shrimp)	 and	 was	 amplified	 at	 the	 same	 time	 as	 the	 OPM	

samples	 (hereafter	 denoted	 DNA	 positive).	 These	 species	 were	 chosen	 due	 to	 not	

being	 present	 with	 OPM	 and	 availability	 of	 DNA.	 All	 samples	 were	 sequenced	

(including	positives	and	negatives)	even	when	no	band	was	present,	as	PCR	products	

may	still	exist	below	gel	detectable	levels.	The	second	positive	contained	a	mixture	of	

PCR	products	from	each	of	these	species	that	had	been	amplified	independently	using	

primers	 with	 the	 correct	 combination	 of	 tags	 and	 combined	 before	 being	 added	

directly	to	the	pre-library	during	pooling	(hereafter	denoted	PCR	positive).	The	PCR	

positive	was	quantified	using	a	nanodrop	ND-1000	and	sufficient	volume	was	added	

to	make	up	1/95th	the	total	DNA	of	each	pre-library.	

	

For	 the	 2015	 sample,	 some	 of	 the	methods	were	 refined	 to	 control	 contamination	

issues	that	were	apparent	 in	2014	and	to	allow	for	 further	statistical	 tests.	 In	2015,	

the	 sample	 size	 was	 increased	 to	 3,680	 individuals	 from	 34	 nests,	 the	 contents	 of	

which	had	been	assessed	visually	prior	to	barcoding.	The	number	was	increased	due	

to	 refinement	 of	 processing	 and	 starting	 earlier	 in	 the	 year.	 To	 test	 the	 hypothesis	

that	 the	 gypsy	moth	 is	 a	marginal	host	 for	OPM	parasitoids,	 thirty-two	gypsy	moth	

larvae	 obtained	 from	 larval	 shelters	 at	 Richmond	 Park	 were	 also	 added	 to	 the	

experiment	(for	the	purposes	of	comparing	parasitism	between	OPM	and	gypsy	moth	

only	samples	obtained	from	shelters	at	Richmond	Park	were	used	for	both	species).	
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Each	 sample	 of	 OPM	 larva,	 pupa,	 adult,	 parasitized	 individual	 or	 gypsy	moth	 larva	

was	placed	in	a	single	well	of	a	deep	96-well	plate,	with	a	5mm	stainless	ball	bearing	

and	300	μl	of	digestion	buffer	 (20mM	EDTA,	120mM	NaCl,	50mM	Tris	and	1%	SDS	

added	after	the	tissue	homogenisation	stage).	The	individuals	were	homogenised	by	

placing	the	96-well	plate	into	a	tissue	homogeniser	(TissueLyser	II,	Qiagen)	at	20	Hz	

for	2	minutes.	The	Proteinase	K	solution	used	 in	2014	was	not	used	 in	2015	due	to	

the	homogenisation	stage.	Therefore,	a	further	300	μl	of	digestion	buffer	was	added	

and	the	insect	material	was	digested	overnight	at	a	reduced	temperature	of	55°C.	Ten	

microlitres	of	the	digestion	supernatant	were	then	used	as	the	starting	material	for	a	

70	μl	HotSHOT	DNA	extraction	(Truett	et	al.,	2000)	which	was	then	diluted	to	1/100	

for	 PCR	 amplification.	 PCR	 amplification	 followed	 the	 2014	 protocol	 except	 that	

MyTaq™	Red	DNA	Polymerase	was	changed	to	MyFi	Mix	(Bioline)	for	cost	saving	due	

to	the	much	 larger	sample	size.	Extra	cycles	were	also	required	as	 long	primers	are	

known	to	cause	a	lag	in	PCR	amplification	(Schnell	et	al.	2015).	

	

Each	 pre-library	 was	 quantified	 using	 a	 Qubit®	 3.0	 Fluorometer	 (ThermoFischer	

Scientific)	and	then	purified	to	remove	excess	primers	using	magnetic	beads	(AMPure	

XP)	following	(Zhong	et	al.,	2011).	Purifications	were	checked	on	a	1.5%	agarose	gel	

and	quantified.	The	pre-library	was	then	used	as	a	template	for	PCR	2,	which	added	

the	 adapters	 necessary	 for	 Illumina	 sequencing	 as	well	 as	 two	 additional	MID	 tags	

that	uniquely	identified	the	plate.		

	

The	products	 from	PCR	2	were	quantified	 as	 above	and	 twenty	plates	were	pooled	

together	at	a	variable	rate	 in	order	 to	equalise	 the	amount	of	DNA	 from	each	plate,	

quantified	 and	 purified	 as	 above.	 Each	 library	 was	 then	 prepared	 for	 sequencing	

according	to	the	Illumina	specification	and	sequenced	at	the	University	of	Hull.	
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4.2.3.1 Bioinformatic	processing	of	Illumina	MiSeq	output	

Processing	 of	 Illumina	 data	 from	 raw	 sequences	 to	 taxonomic	 assignment	 was	

performed	 using	 the	 same	methods	 as	 in	 Chapter	 3	 for	 both	 2014	 and	 2015	 data.	

Briefly,	 reads	 were	 demultiplexed	 using	 process_shortreads	 (Catchen	 et	 al.,	 2013),	

followed	by	quality	 trimming	and	removal	of	PCR	primers	using	Trimmomatic	0.32	

(Bolger	et	al.,	2014).	Reads	shorter	than	100bp	were	discarded.	Paired-end	sequences	

were	then	merged	(minimum	overlap	10bp)	using	FLASH	1.2.11	(Magoc	&	Salzberg,	

2011).	Merged	 reads	were	 filtered	 to	 retain	 only	 amplicons	 of	 the	 expected	 length	

(313bp	+/-	31bp)	and	the	remaining	high-quality	sequences	were	clustered	(vsearch	

v.1.1)	across	a	range	of	clustering	similarity	thresholds	(0.9-1.0).	Filtering	of	clusters	

based	on	the	number	of	reads	assigned	to	each	cluster	was	carried	out	 to	minimise	

cross-contamination	effects	between	wells.		

	

A	single	representative	sequence	from	each	cluster	was	subjected	to	a	BLAST	search	

(Zhang	&	Madden,	1997)	against	a	reference	database	compiled	from	coxI	sequences	

downloaded	 from	 Genbank	 and	 assigned	 taxonomically	 using	 a	 lowest	 common	

ancestor	approach	(LCA)	(sensu	Huson	et	al.,	2007),	such	that	for	each	query	the	taxa	

receiving	 the	 top	 10%	 (bit-score)	 BLAST	 hits	 is	 identified	 based	 on	 the	 lowest	

taxonomic	level	shared	by	all	taxa	in	the	list.	

	

4.2.4 Statistical	analysis	

As	 there	was	 no	 difference	 between	 visual	 classification	 and	molecular	methods	 in	

determining	the	parasite	status	of	 the	host	(Chapter	3),	 the	 larger	data	set	of	visual	

observations	 from	2015	were	used	 to	determine	 if	 parasitism	was	 affected	by	nest	

size	and	habitat.	The	number	of	individuals	in	the	nest	was	used	as	nest	size	and	an	

ANCOVA	 was	 used	 to	 control	 for	 the	 interaction	 between	 nest	 size	 and	 habitat	

(Chapter	2)	to	reveal	if	the	number	of	parasitised	individuals	was	affected	by	nest	size	

and	habitat.		
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The	number	of	parasitised	individuals	was	compared	between	2014	and	2015	using	

the	molecular	data	for	each	year.	To	control	for	the	effect	of	nest	size,	an	ANCOVA	was	

used.	 Interaction	between	year	 and	nest	 size	was	 included	and	 then	 removed	 from	

the	model	(Quinn	&	Keough,	2002).	Model	comparison	was	then	carried	out	using	the	

anova()	function	in	R.	To	determine	whether	gypsy	moth	was	an	alternative	host	for	

C.	iliaca,	32	randomly	selected	OPM	larvae	and	the	32	gypsy	moth	larvae	were	used.	

Both	 species	 had	 been	 obtained	 using	 the	 larval	 shelters	 described	 and	 the	 mean	

number	 of	C.	 iliaca	 DNA	 reads	 after	 quality	 trimming	was	 compared	 between	 each	

species	using	a	t-test.			

	

Two	types	of	community	analysis	were	carried	out	to	determine	if	the	community	of	

species	 associated	with	 OPM	 are	 different	 in	 open	woodland	 and	 closed	woodland	

and	by	OPM	life	stage.	Firstly,	Order	richness	was	calculated	from	the	total	number	of	

non-OPM	 invertebrates	 found	 in	 shelters	 and	 correlated	 with	 the	 total	 number	 of	

OPM	 nests	 found	 in	 both	 larval	 shelters	 and	 observations	 using	 Pearson	 product	

moment	correlation.	A	Spearman’s	correlation	was	used	to	correlate	the	total	number	

of	gypsy	moth	found	over	the	sampling	period	in	each	shelter	with	the	total	number	

of	nests	found	in	each	shelter.	

	

An	 analysis	was	 carried	 out	 on	 the	 ‘agents’	 found	 using	molecular	methods.	 These	

agents	 were	 explored	 using	 multivariate	 statistics.	 Original	 data	 consisted	 of	 the	

number	of	DNA	reads	from	the	BLAST	hits	for	each	sample	(the	organisms	found	are	

listed	in	Table	3).	Reads	were	removed	from	the	data	set	if	they	contained	just	OPM	

DNA,	 as	 were	 275	 unassigned	 reads	 (where	 no	 reference	 existed	 for	 the	 DNA).	

Samples	 were	 categorised	 as	 either	 larvae	 or	 pupa	 and	 all	 other	 life	 stages	 were	

removed	from	the	data	set	due	to	the	small	number	of	replicates.	The	number	of	DNA	

reads	were	then	converted	to	proportions	(this	was	to	reduce	the	effect	of	organism	

size	on	the	amount	of	DNA	present;	Kartzinel	et	al.,	2015),	and	cleaned	by	removing	

duplicate	lines	in	the	matrix	(i.e.	where	the	proportion	of	DNA	found	was	the	same	for	

different	samples)	and	samples	where	no	DNA	was	removed.	This	reduced	the	data	

set	 from	1258	 to	 53,	 for	which	 a	Bray-Curtis	 distance	matrix	was	 constructed.	 The	
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composition	 of	 each	 sample	 was	 explored	 visually	 using	 a	 nonmetric	

multidimensional	 scaling	 ordination	 (NMDS)	 in	 the	 “metaMDS”	 package	 where	 the	

results	 presented	 are	 the	 best	 of	 20	 random	 analyses.	 Permutation	 tests	 (10,000	

randomizations)	 were	 performed	 in	 the	 “adonis”	 package	 where	 the	 interaction	

between	OPM	life	stage	and	habitat	was	first	estimated	on	the	distance	matrix.	This	

returned	insignificant	results	so	the	model	was	simplified	to	remove	the	interaction	

and	only	tested	the	effect	of	OPM	life	stage	and	the	effect	of	habitat.	All	analyses	were	

carried	out	in	R,	and	community	analyses	were	undertaken	using	the	“vegan”	package	

(Oksanen	et	al.,	2015).	

	

4.3 Results	

4.3.1 Effect	of	habitat	and	nest	size	

The	fitted	model	returned	a	significant	result	and	explained	81%	of	the	variation	in	

the	 data	 (F3,69	 =117.9	 P<0.001).	 Nest	 size,	measured	 as	 the	 number	 of	 OPM	pupae,	

was	 found	 to	 have	 a	 large	 effect	 on	 the	 number	 of	 pupae	 parasitised	 by	 C.	 iliaca	

(t=10.79	P<0.001)	(Figure	22).	There	was	found	to	be	no	effect	of	the	habitat	the	nest	

was	 in	 (t=1.18	P=0.23).	However,	 an	 interaction	between	habitat	 and	nest	 size	was	

found	 (t=2.22	 P=0.03).	 When	 nests	 are	 small,	 there	 are	 more	 C.	 iliaca	 per	 nest	 in	

closed	canopy	woodland.	As	nest	size	increases,	more	C.	 iliaca	per	nest	are	found	in	

woodland	pasture	(Figure	1).		

	

4.3.2 Parasitism	rate	

In	 2014,	 on	 average	 36.7%	 of	 the	 OPM	 pupae	 within	 a	 nest	 were	 found	 to	 be	

parasitised	compared	to	37.	5%	in	2015.	An	ANCOVA	revealed	that	year	had	no	effect	

on	the	number	of	pupae	parasitised	after	controlling	for	the	effects	of	nest	size	(F2,53	

=3.52	P=0.07).		
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4.3.3 Shared	parasites	

Carcelia	 iliaca	DNA	was	present	 in	 five	of	 the	gypsy	moth	 larvae	compared	to	15	of	

the	OPM	larvae.	The	amount	of	DNA	was	found	to	be	higher	in	OPM	than	gypsy	moth	

(Figure	23;	t=6.17	df=1	P=0.01).		

	

4.3.4 Community	associated	with	OPM	

A	total	of	271	Lepidoptera	 larvae	 from	10	species	were	caught	during	the	sampling	

period	 in	 2014.	 Gypsy	 moth	 (Lymantria	 dispar)	 was	 the	 most	 abundant	 species,	

followed	 by	 black	 arches	 (Lymantria	 monacha)	 and	 the	 lunar	 marbled	 brown	

(Drymonia	 ruficornis).	 The	 august	 thorn	 (Ennomos	 quercinaria)	 and	 brindled	 pug	

(Eupithecia	abbreviata)	were	equally	rare,	being	represented	by	one	 individual	only	

(Figure	24).		

	

Gypsy	moth	was	present	at	all	the	sites	surveyed.	However,	there	was	no	correlation	

between	the	number	of	gypsy	moth	found	in	larval	shelters	and	the	presence	of	OPM	

nests	 in	 the	 shelters	 (Spearman	 correlation,	 Rho=0.61	 N=407	 P=0.36).	 No	 known	

OPM	 predators	 were	 identified	 in	 the	 larval	 shelters	 during	 surveys.	 A	 total	 of	 20	

orders	were	found	in	the	shelters,	but	there	was	no	relationship	between	the	number	

of	OPM	nests	present	and	arthropod	order	richness	(r=0.04	N=525	P=0.35).		

	

The	NMDS	did	not	converge	after	20	attempts,	so	the	best	solution	is	presented	with	

stress	 values	 of	 0.05	 (Figure	 25).	 Permutation	 tests	 showed	 that	 OPM	 life	 stage	

explained	5%	of	the	variation	in	the	composition	of	agents	(F1,51	=	2.91,	P=	0.02),	but	

there	was	no	effect	of	habitat	(F1,53	=	1.68,	P	=	0.13).	
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Figure	22	The	relationship	between	OPM	nest	size,	measured	as	the	number	of	OPM	

pupae	in	the	nest,	and	the	number	of	pupae	that	had	been	parasitised	by	C.	

iliaca.	 Nests	 from	 two	 different	 habitats	 were	 assessed;	 closed	 canopy	

woodland	(red)	and	woodland	pasture	(blue).	
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Figure	23	The	mean	number	of	C.	iliaca	DNA	reads	from	bioinformatic	processing	of	

gypsy	moth	larvae	(n=32)	and	OPM	larvae	(n=32)	obtained	from	fieldwork	

in	Richmond	Park	during	2015.	Error	bars	are	+/-	1	SE.	
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Figure	24	Lepidoptera	species	found	in	Bushy	Park	(blue),	Richmond	Park	(red)	and	

Wimbledon	Common	(green)	using	hessian	and	wooden	shelters	between	

02/06/14	and	25/07/14.	
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Figure	25	Nonmetric	multidimensional	scaling	ordination	plot	showing	the	similarity	

of	organisms	found	on	OPM.	Individual	points	show	OPM,	different	life	

stages	are	shown	in	different	colours	(Larvae:	red;	Pupae:	green).	

Stress	=	0.05.		

	

4.4 Discussion	

4.4.1 OPM	parasitism	

This	study	 found	a	clear	 link	between	OPM	nest	size	and	the	number	of	parasitoids	

within	 the	 nest.	 However,	 the	 percentage	 of	 larvae	 parasitised	 remained	 relatively	

constant,	which	means	there	is	no	evidence	of	a	direct	density	dependent	relationship	

between	 OPM	 and	 C.	 iliaca.	 A	 direct	 density	 dependence	 of	 parasitoids	 has	 been	

reported	in	gypsy	moth	populations	(Gould	et	al.,	1990).	However,	such	relationships	

are	rare	among	 forest	 insects	 (Dempster,	1983;	Stirling,	1987).	A	 time-lag	may	also	

exist	 in	 direct	 density	 dependent	 relationships,	 but	 is	 harder	 to	 detect	 (Turchin,	

1990).	 It	 is	 difficult	 to	 fully	 draw	 conclusions	 about	 the	 relationships	 that	 exist	
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between	 OPM	 and	 C.	 iliaca	 over	 just	 one	 season.	 For	 example,	 Turchin	 (1990)	

analysed	life-tables	from	various	species	with	a	minimum	census	period	of	12	years.	

Long-term	 population	monitoring	 of	 both	 OPM	 and	C.	 iliaca	 populations	 should	 be	

carried	out	 to	 fully	understand	the	 interactions	between	the	two	species	and	detect	

any	possible	time	lag.		

	

The	 findings	 of	 this	 study	 suggest	 that	 larger	 nests	 will	 contain	 more	 parasitised	

individuals.	One	of	the	theories	as	to	why	OPM	form	gregarious	colonies	is	to	protect	

against	 parasitism	 and	 predation	 (Lawrence,	 1990;	 Denno	 &	 Benrey,	 1997).	 There	

may	 be	 an	 interaction	 between	 nest	 size	 and	 parasitism	 risk,	 such	 that	 there	 is	 a	

critical	size	that	confers	greater	parasitism	protection	(Tsubaki,	1981).	There	was	no	

evidence	from	this	study	as	to	what	that	size	might	be.	However,	empirical	evidence	

from	the	western	tussock	moth	(Orgyia	vetusta)	suggests	that	for	outbreaking	species	

there	is	no	significant	difference	in	parasitism	levels	inside	the	outbreak	compared	to	

areas	near	the	outbreak	with	low	population	densities	(Brodman	et	al.	1997;	Maron	&	

Harrison	1997).	

	

There	was	 an	 interaction	 between	 habitat	 and	 nest	 size.	 This	may	 be	 explained	 by	

optimal	 foraging	 theory	 (Hubbard	 &	 Cook,	 1978).	 Many	 parasitoids	 display	

behaviours	that	lead	to	increased	densities	and	higher	parasitism	levels	in	patches	of	

high-density	hosts	(Waage	1983;	Casas	1989;	Connor	&	Cargain	1994).	Further,	many	

tachinid	flies	are	attracted	to	flowers,	such	as	umbellifers,	(e.g.	Baer,	1920),	which	are	

more	likely	to	be	found	in	open	areas.	Higher	levels	of	parasitism	in	smaller	nests	in	

closed	 canopy	woodland	may	be	driven	by	 a	 reproductive	 response,	 i.e.	more	OPM	

nests	are	left	after	removal	teams	have	cleared	nests	in	closed	canopy	woodland	than	

woodland	pasture	 (G.	 Jonusas,	pers	 comm)	meaning	 the	emergence	of	new	C.	 iliaca	

adults	 in	 these	areas	could	result	 in	 localised	opportunities	 for	reproduction	before	

the	flies	move	off	in	search	of	hosts.			
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There	 was	 no	 increase	 in	 parasitism	 between	 2014	 and	 2015.	 This	 is	 unusual	

considering	 the	numbers	of	OPM	 reported	 from	Richmond	Park	 increased	over	 the	

study	period	(Gillian	Jonusas,	pers	comm)	and	it	would	be	expected	that	the	amount	

of	 parasitism	 would	 reflect	 the	 increased	 abundance	 of	 the	 host.	 High	 rates	 of	

parasitism	by	C.	iliaca,	of	up	to	76%,	have	been	reported	in	Belgium,	France	and	the	

Netherlands	(Grison,	1952;	Tschorsnig,	1993;	Stigter,	Geraedts	&	Spijkers,	1997).	The	

low	 level	 of	 around	 37%	 in	 the	 current	 study	 could	 reflect	 the	 time-frame	 that	 C.	

iliaca	has	been	present	in	the	UK,	as	C.	iliaca	was	only	officially	recorded	in	the	UK	in	

2014	(Sands	et	al.,	2015).	The	finding	that	parasitism	remained	constant	over	the	two	

years	may	 be	 an	 artefact	 of	 relative	 abundance	 of	 the	 host,	 as	 the	 total	 number	 of	

reported	nests	 increased	but	 there	 is	no	 evidence	 that	nest	 size	 increased	over	 the	

same	 period.	 An	 alternative	 explanation	 is	 that	 OPM	 management	 practices	 have	

impacted	 negatively	 on	 C.	 iliaca	 populations.	 Prior	 to	 this	 study,	 OPM	 nests	 were	

predominantly	removed	before	the	flight	period,	with	any	remaining	nests	removed	

between	August	and	October	in	order	to	protect	the	public	from	urticating	hairs.	This	

practice	is	likely	to	have	acted	as	a	population	sink	on	C.	iliaca,	as	they	over-winter	in	

OPM	nests	and	emerge	the	following	spring	(Chapter	3),	thus	keeping	the	numbers	of	

C.	 iliaca	 lower	 than	 the	availability	of	hosts	would	naturally	allow.	Since	 this	 study,	

management	practices	have	been	modified	and	further	studies	should	be	carried	out	

to	 assess	 whether	 the	 abundance	 of	 C.	 iliaca	 has	 increased,	 and	 the	 impact	 this	 is	

having	on	OPM	populations.			

	

Carcelia	iliaca	DNA	was	present	in	five	of	the	gypsy	moth	samples.	This	suggests	that	

C.	iliaca	may	indeed	use	gypsy	moth	as	an	alternative	host.	Carcelia	iliaca	is	believed	

to	be	a	monophagous	parasitoid	of	OPM	(Zeegers,	1997;	Sands	et	al.,	2015).	However,	

extreme	 host	 specialisation	 may	 confer	 an	 evolutionary	 disadvantage	 to	 the	

parasitoid,	if	for	example	hosts	become	too	rare	(Janzen,	1981;	Janzen	&	Pond,	1975).	

Thus	 many	 parasitoids	 often	 utilise	 marginal	 hosts.	 The	 current	 study	 found	 no	

correlation	between	OPM	nests	and	gypsy	moth,	suggesting	that	gypsy	moth	do	not	

utilise	OPM	nests	for	shelter.	However,	both	species	are	taxonomically	close	and	co-

exist	 in	 similar	 habitats	 and	 microclimates	 thus	 gypsy	 moth	 could	 feasibly	 be	 a	

marginal	 host	 for	 C.	 iliaca.	 The	 low	 levels	 of	 DNA	 found	 in	 gypsy	 moth	 are	



 

115	

	

characteristic	 of	 egg	 laying	 or	 failed	parasitism	attempts	 (Gariepy	et	 al.,	 2008),	 but	

could	 also	 be	 caused	 by	 contamination	 either	 at	 the	 collection,	 preparation	 or	 PCR	

stage.	 Contamination	 of	 this	 level	 has	 been	 reported	 by	 Kitson	 et	 al	 (in	 prep),	

therefore	it	is	difficult	to	draw	any	robust	conclusions	and	further	field	and	lab	work	

needs	to	be	carried	out	to	confirm	these	findings.	Other	Lepidoptera	species	such	as	

black	 arches,	 which	 co-occur	 with	 OPM	 in	 relatively	 high	 numbers,	 may	 also	 be	

marginal	hosts	 for	C.	 iliaca	 and	 these	 species	 should	also	be	 investigated	 in	greater	

detail.	

	

4.4.2 Community		

This	study	found	no	evidence	of	a	link	between	local	biodiversity	and	the	presence	of	

OPM.	 It	 is	 hypothesised	 that	 OPM	 is	 having	 some	 effect	 on	 local	 biodiversity	 or	

ecological	 networks	 (Ricciardi,	 2004;	 Gurevitch	 &	 Padilla,	 2004).	 However,	 these	

effects	may	not	necessarily	be	negative.	For	example,	pine	processionary	moth	nests	

are	used	as	shelter	by	a	suite	of	arthropods	(Branco	et	al.,	2008).	The	current	study	

found	no	evidence	of	arthropods	using	OPM	nests	in	the	same	manner.	Conceivably,	

the	 effects	 on	biodiversity	may	 impact	 on	 a	 specific	 taxonomic	 group	 (e.g.	 Colins	&	

Storfer,	 2003)	 or	 be	 subtle	 (Pyšek	 &	 Richardson,	 2010).	 The	methods	 used	 in	 this	

study	were	 not	 exhaustive	 or	 extensive	 and	 therefore	may	not	 have	 been	 sensitive	

enough	to	detect	subtle	or	indirect	influences	of	OPM.		

	

The	community	of	organisms	directly	linked	to	OPM	differ	according	to	the	life	stage	

of	OPM.	This	may	be	 due	 to	 nest	 building	 behaviour	 of	OPM.	Nests	 are	 believed	 to	

protect	 against	 predation,	 parasitism	 and	 adverse	 weather	 conditions,	 and	 create	

stable	 temperatures	 for	 pupation	 (e.g.	 Breuer	&	Devkota,	 1990).	As	 the	majority	 of	

DNA	 obtained	 through	 processing	 was	 that	 of	 microorganisms	 it	 is	 likely	 that	

conditions	in	the	nest	are	more	suitable	for	these	microorganisms	than	outside	of	the	

nest.	 Further,	 during	 pupation,	 a	 protective	 papery	 cocoon	 is	 created,	 further	

insulating	 the	 developing	 adult.	 OPM	 larvae	 spend	 time	 out	 of	 the	 nest	 and	would	

therefore	be	expected	to	have	different	microbial	flora	compared	to	pupae.	However,	
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the	permutation	tests	carried	out	in	this	analysis	relied	on	a	small,	unbalanced	sample	

size	and	therefore	conclusions	taken	from	this	result	should	be	taken	cautiously.			

	

4.4.2.1 Gypsy	moth	

A	distinct	form	of	gypsy	moth	was	native	to	parts	of	Eastern	England,	but	draining	of	

wetland	habitats	 is	 thought	 to	have	 lead	 to	 its	 extinction	 in	1907	 (Heath	&	Emmet,	

1983).	 In	1995	a	small	breeding	population	of	gypsy	moth	was	discovered	 in	North	

East	 London.	 Gypsy	 moth	 is	 pest	 species	 that	 can	 cause	 substantial	 defoliation	 so	

control	measures	were	put	 in	place.	 In	2004	 there	was	no	 recorded	 catch	of	 gypsy	

moths	in	pheromone	traps	and	it	was	thought	that	the	population	was	low	enough	to	

become	 extinct.	 However,	 in	 2006	 gypsy	 moth	 had	 been	 found	 in	 other	 locations	

around	 London.	 There	 have	 been	 subsequent	 discoveries	 of	 populations	 in	

Buckinghamshire	 and	 Dorset	 (Tilbury	 et	 al.,	 2010).	 Gypsy	 moth	 has	 only	 been	

recorded	 in	Richmond	Park	since	2013	 (Gillian	 Jonusas,	pers	 comm).	However,	 this	

study	found	a	total	of	160	larvae	in	Richmond	Park	during	the	sampling	period	and	

gypsy	moth	was	also	present	in	all	survey	areas,	suggesting	that	gypsy	moth	had	been	

present	 for	 a	 longer	 period	 than	 this.	 It	 is	 not	 known	 how	 gypsy	 moth	 became	

established	in	the	UK.		

	

Gypsy	moth	is	an	outbreaking	pest	species	in	most	of	Europe.	Outbreaks	often	occur	

in	 association	 with	 black	 arches	 (Lymantria	 monacha;	 Carter,	 1984;	 Dajoz,	 2000),	

which	was	the	second	most	abundant	Lepidoptera	species	 found	 in	this	study.	Both	

gypsy	moth	and	black	arches	predominantly	 feed	on	oaks	(Carter,	1984)	so	will	co-

exist	with	OPM	in	areas	where	these	species	are	present.	The	current	study	found	no	

correlation	between	OPM	nests	and	gypsy	moth,	suggesting	that	gypsy	moth	do	not	

utilise	OPM	nests	 for	 shelter.	 Indeed,	 no	 gypsy	moth	 larvae	were	 found	during	 any	

OPM	 nest	 dissection.	 However,	 the	 presence	 of	 these	 three	 outbreaking	 species	 in	

west	 London	 creates	 a	 unique	 opportunity	 to	 study	 the	 triad	 of	 interactions.	

Potentially,	these	interactions	may	lead	to	unpredictable	outcomes	for	other	species	

and	ecosystems	(e.g.	Crooks	2002;	Bruno	&	O'Connor,	2005).	Competitive	exclusion	
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may	lead	to	invasion	resistance	(Case,	1990)	leading	to	the	extinction	of	one	species,	

or	 facilitative	 interactions	may	 increase	 the	 competitive	 abilities	 of	 all	 species	 (e.g.,	

Ricciardi	2001;	O’Dowd	et	al.	2003;	Grosholz	2005).		

	

4.4.3 Conclusions		

Chapter	4	has	revealed	that	parasitism	by	C.	 iliaca	 is	positively	related	to	OPM	nest	

size	 and	 interacts	with	 the	 habitat	with	 small	 nests	 in	 closed	woodland	 containing	

more	C.	iliaca.	There	was	found	to	be	no	change	in	the	rate	of	OPM	larvae	parasitised	

between	2014	and	2015,	but	this	is	not	necessarily	representative	of	the	longer-term	

trend	 for	 OPM	 parasitism.	 There	 is	 a	 different	 community	 of	 organisms	 associated	

with	 different	 OPM	 life	 stages,	 but	 OPM	 had	 no	 detectable	 effect	 on	 arthropod	

biodiversity.			
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Chapter	5: General	Discussion		

UK	 forests	 provide	 a	 valuable	 commodity	 for	 recreational	 purposes,	 habitats	 for	

wildlife	and	also	as	a	timber	resource	and	associated	employment.	However,	invasive	

species	 pose	 a	 tangible	 risk	 to	 both	 amenity	 and	 commercial	 forestry	 (Mack	 et	 al.,	

2000;	Chornesky	et	al.,	2005;	Leather,	2014).	The	rate	at	which	new	tree	pests	and	

diseases	are	entering	the	UK	has	been	increasing	steadily	since	the	late	1960s	(Defra,	

2013).	 However,	 since	 2000	 that	 rate	 has	 increased	 almost	 exponentially,	 with	

species	 establishing	 such	 as	 the	 horse	 chestnut	 leaf	 miner	 (Cameraria	 ohridella)	

(Straw	 &	 Williams,	 2013),	 the	 pine	 lappet	 moth	 (Dendrolimus	 pini)	 and	 oak	

processionary	moth	(Forestry	Commission,	2004;	Leather,	2014).		

	

The	 benefits	 of	 understanding	 non-indigenous	 pest	 species	 are	 twofold.	 Firstly,	

applied	research	on	the	invader	allows	effective	management	and	control	strategies	

to	be	put	in	place	that	can	target	and	exploit	specific	‘weaknesses’	of	the	invader,	such	

as	 the	 facilitation	 of	 Allee	 effects	 (Liebhold	 &	 Bascompte,	 2003)	 or	 exploitation	 of	

natural	 enemies	 (Messing	 &	Wright,	 2006).	 Secondly,	 under	 the	 broader	 sphere	 of	

invasion	 biology,	 insights	 into	 ecology,	 evolution	 and	 biogeography	 can	 be	 gained.	

Non-indigenous	 species	 allow	 processes	 to	 be	 observed	 in	 real-time,	 such	 that	 key	

concepts	 such	 as	 spatial	 spread	 can	 be	 tested	 that	 would	 otherwise	 be	 difficult	 to	

observe	in	the	field	using	already	established,	native	species.		

	

Despite	some	recent	opposition	(Valéry	et	al.,	2013;	Richardson	&	Ricciardi,	2013),	

invasion	biology	is	widely	regarded	as	a	valuable	discipline	(Simberloff	et	al.,	2013).	
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However,	it	is	not	without	its	problems,	for	example	a	lack	of	ubiquitous	theory	and	

general	 principles	 underpinning	 the	 discipline	 (Courchamp	 et	 al.,	 2017).	 Moving	

forward,	 it	 is	 important	 that	 invasion	 biology	 can	 address	 the	 generally	 poor	

understanding	 of	 the	 specific	 aspects	 of	 invaded	 trophic	 webs,	 communities	 and	

ecological	 networks.	 These	 knowledge	 gaps	 make	 it	 impossible	 to	 predict	 the	

outcome	 of	 invasions	 accurately	 (Caut	 et	 al,	 2007;	 Roemer	 et	 al.,	 2002).	 There	 is	 a	

need	 for	 a	 deeper	 understanding	 of	 the	 ecology	 of	 the	 invasive	 species	 and	 the	

habitats	that	are	being	invaded,	not	 just	descriptive	case	studies	of	 invasion,	but	to	

put	invasion	into	the	broader	realms	of	ecology.	

	

The	 oak	 processionary	moth	 is	 a	 non-indigenous	 species	 in	 the	UK	 that	 is	 an	 ideal	

model	 organism	 for	 invasion	 biology.	 It	 is	 unequivocally	 a	 pest	 species,	 subject	 to	

statutory	control	and	management.	However,	 there	 is	virtually	no	knowledge	about	

its	ecology	in	either	its	native	or	new	ranges.	This	knowledge	gap	makes	it	difficult	to	

predict	what	OPM	will	do	 in	 the	UK	and	could	potentially	hinder	control	 strategies.	

OPM	 is	 also	 an	 outbreaking	 species	 with	 difficult	 to	 predict	 population	 dynamics.	

Further,	due	to	the	urticating	hairs	of	larvae,	OPM	poses	a	public	health	concern	that	

is	a	particular	problem	in	public	areas	such	as	schools	and	parks	where	its	presence	

can	lead	to	closure	or	restrictions	on	movement.				

	

The	objective	of	this	thesis	was	to	investigate	the	population	ecology	of	OPM	at	three	

sites	 in	West	 London,	 focusing	 on	 three	main	 issues.	 Firstly,	 investigation	 into	 the	

spatio–temporal	 distribution	 of	 OPM	 in	 semi-natural	 woodland.	 Secondly	 the	

development	 and	 evaluation	 of	 next	 generation	 molecular	 techniques	 that	 can	 be	

used	to	uncover	interactions	between	OPM	and	other	species,	specifically	parasitoids.	

Thirdly,	 to	 investigate	 how	 OPM	 interacts	 with	 other	 species	 in	 the	 invaded	

community	and	what	impact	parasitism	is	having	on	OPM	populations.		
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5.1 The	spatio-temporal	distribution	of	OPM	

The	first	hurdle	to	overcome	when	working	with	OPM	was	how	to	effectively	survey	

for	this	species.	Current	methods	used	by	managers	on	the	ground	involve	the	visual	

identification	 of	 larval	 nests	 using	 binoculars	 or	 the	 capture	 of	 adult	 males	 using	

pheromone	traps.	It	is	difficult	to	draw	conclusions	about	the	population	of	OPM	from	

pheromone	traps	other	than	presence	or	absence.	Even	then,	localized	presence	may	

be	obscured	due	to	the	flight	capabilities	of	males,	as	they	can	fly	several	kilometers.		

Visual	 surveys	 are	 labour	 and	 time	 intensive.	 Larval	 shelters	 are	 used	 as	 a	

standardized	method	for	surveying	gypsy	moth	(Timms	&	Smith,	2011),	which	show	

similar	aspects	of	behavior	to	OPM.	It	was	thought	that	by	encouraging	OPM	larvae	to	

coalesce	 at	 a	 specific	 point	 on	 the	 tree,	 surveys	 could	 be	 optimized.	 Results	 from	

fieldwork	 carried	 out	 in	 Chapter	 2,	 revealed	 that	 larvae	 could	 be	 encouraged	 to	

ultilise	 shelters	 at	 a	 better	 rate	 than	 random,	 but	 that	 the	 presence	 of	 larvae	 in	 a	

shelter	 cannot	 infer	 general	 population	 numbers.	 	 Visual	 surveys	 remain	 the	most	

effective	way	to	survey	OPM	populations.	Larval	shelters	did,	however,	yield	sources	

of	early	instar	larvae	that	were	used	in	subsequent	analyses	in	Chapters	3	and	4.			

	

The	first	research	question	of	this	thesis	addressed	the	spatio-temporal	distribution	

of	OPM.	Spatial	patterns	at	different	scales	are	 frequently	being	used	to	predict	and	

explain	 the	 distribution	 of	 forest	 insects	 (Liebhold	 et	 al.,	 1991;	 Buonaccorsi	 et	 al.,	

2001).	This	knowledge	reveals	insight	into	the	ecology	of	an	invading	species,	and	is	

also	a	fundamental	requirement	of	assessing	risk	and	subsequent	management	of	the	

invader.	 It	 was	 established	 in	 the	 fieldwork	 conducted	 for	 Chapter	 2	 that	 open,	

‘woodland	 pasture’	 supported	 greater	 numbers	 of	 OPM	 over	 the	 two	 consecutive	

years	of	survey.	These	findings	mirrored	a	study	of	continental	populations	of	OPM	by	

Stigter	et	al	(1997)	that	found	similar	patterns	of	distribution,	as	well	as	in	the	closely	

related	PPM	(Dulaurent	et	al.,	2011).	 It	has	been	suggested	that	host	apparency	can	

drive	 such	 patterns	 in	 the	 distribution	 of	 forest	 insects	 (Feeny,	 1976).	 In	 a	 forest	

setting,	individual	trees	in	denser,	more	diverse	stands	have	lower	apparency	and	are	

therefore	 less	vulnerable	to	attack.	Evidence	supporting	this	 theory	comes	 from	the	

finding	 in	 Chapter	 2	 that	 OPM	 population	 density	was	 inversely	 correlated	 to	 host	



 

122	

	

density,	 positively	 correlated	 to	 the	 percentage	 of	 hosts	 and	 that	 larger	 oak	 trees	

supported	a	higher	density	of	nests	than	smaller	trees.	These	findings	have	recently	

been	reported	in	PPM	(Damien	et	al.,	2016).		There	was	no	evidence	of	associational	

resistance	(Tahvanainen	&	Root,	1972)	by	the	presence	of	non-host	trees.		

	

A	significant	outcome	of	Chapter	2	was	that,	within	Richmond	Park	at	least,	OPM	nest	

density	is	consistent	over	many	years,	leading	to	localized	hotspots	and	cold	spots.	It	

is	 difficult	 to	 determine	 the	 exact	 cause	 of	 these	 patterns.	 Areas	 of	 high	 density	

appear	 to	 be	 based	 in	 areas	 characterized	 by	 relatively	 open	 areas	 with	 low	 tree	

density,	consistent	with	the	findings	of	this	study.	However,	not	all	areas	of	low	tree	

density	have	high	OPM	density,	and	there	is	a	spatial	component	to	their	distribution.	

Areas	of	high	OPM	density	are	concentrated	on	the	park	periphery.	The	interior	of	the	

park	is	characterized	by	consistently	low	OPM	density.	This	pattern	of	density	may	be	

caused	 by	 a	 combination	 of	 park	management	 and	 regular	 re-colonisation	 of	 OPM	

from	 surrounding	 areas.	 The	 Parks	 removed	 all	 OPM	 nests	 found	 during	 the	 years	

surveyed.	Any	inconsistency	in	removal	could	lead	to	localized	hotspots	because	adult	

females	lay	eggs	shortly	after	eclosion	and	therefore	oak	trees	in	close	proximity	to	a	

nest	 are	 more	 likely	 to	 have	 eggs	 deposited	 on	 them	 (Dissescu	 &	 Ceianu,	 1968).	

However,	as	hotspots	are	on	the	park	boundaries	this	suggests	that	OPM	from	outside	

the	park	are	a	more	likely	source	of	this	trend.	These	conclusions	were	drawn	from	

four	 years’	 data,	 so	 are	 robust	 findings	 that	 account	 for	 annual	 fluctuations	 in	 the	

population.	 However,	 these	 findings	 cannot	 be	 used	 to	 project	 long-term	 or	 future	

patterns	of	distribution,	nor	density	distribution	in	other	areas.		

	

5.2 Molecular	analysis	

The	 second	 research	 question	 of	 this	 thesis	 explored	 the	 suitability	 of	 molecular	

techniques	 in	the	 investigation	of	host-parasitoid	 interactions.	Next	generation	DNA	

sequencing	is	frequently	being	used	in	ecological	studies	such	as	community	ecology	

and	 ecological	 network	 analysis	 (Evans	 et	 al.,	 2016).	Metabarcoding,	where	 a	 DNA	

sample	 from	 an	 entire	 community	 is	 PCR	 amplified,	 allowing	 the	 simultaneous	
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identification	of	multiple	taxa	(e.g.	Taberlet	et	al.,	2012;	Yu	et	al.,	2012)	is	a	powerful	

technique	that	can	be	used	to	construct	large	datasets	on	the	presence	of	parasitoids.	

It	 is	believed	 that	 research	undertaken	 in	 this	 thesis	 is	 one	of	 the	 first	 examples	of	

using	metabarcoding	for	this	purpose.		

	

The	 results	 of	 Chapter	 3	 have	 shown	 that	 there	 was	 no	 difference	 in	 parasitism	

detection	 between	 visual	 assessment	 and	 DNA	 barcoding.	 This	 confirms	 that	 both	

molecular	 methods	 and	 more	 traditional	 assessments	 are	 able	 to	 determine	 the	

parasite	 status	of	 the	host.	 In	 the	 case	of	C.	 iliaca	 and	OPM,	 larvae	 failed	 to	pupate	

when	parasitised,	becoming	visually	easy	to	 identify	(Figure	17(B),	Chapter	3).	This	

made	it	easy	to	determine	the	parasite	status	of	the	host,	requiring	little	training	or	

identification	 skills.	 It	 is	 less	 easy	 to	 determine	 the	 parasite	 status	 of	 earlier	 OPM	

instars	 visually.	 Further,	 other	 parasitoids	 were	 not	 identified	 by	 visual	

characteristics	of	the	host.		

	

Rearing	 is	 the	 traditional	 method	 for	 determining	 host-parasitoid	 interactions	

(Yeates	 &	 Greathead,	 1997).	 However,	 this	 is	 often	 both	 time	 consuming	 and	

inefficient	 due	 to	 failed	 parasitoid	 emergence	 or	 host	 death,	 and	 requires	 good	

taxonomic	identification	skills	to	identify	the	emerged	parasitoid	(Shaw,	1994).	In	the	

case	 of	 OPM,	 it	 is	 not	 possible	 to	 carry	 out	 large	 scale	 rearing	work,	 owing	 to	 the	

health	and	safety	 issues	associated	with	their	urticating	setae	(Fenk	et	al.,	2007).	 	A	

small	 scale	 rearing	 experiment	 was	 carried	 out	 for	 Chapter	 3.	 Rearing	 confirmed	

Ichneumonid	 parasitoids	 are	 utilising	 OPM	 as	 a	 host.	 However,	 no	 Ichneumonids	

were	 identified	 from	molecular	 techniques	or	visual	 identification	of	hosts.	 It	 is	not	

clear	why	metabarcoding	 failed	 to	detect	 Ichneumonid	DNA.	No	Hymenoptera	DNA	

was	 detected,	 suggesting	 that	 primer	 specificity	 could	 be	 the	 cause	 of	 this	 result	

(Wilcox	et	al.,	2013).		

	

The	metabarcoding	methods	used	in	this	Chapter	3	were	designed	to	detect	C.	iliaca	

DNA,	 and	proved	very	efficient	 at	 this.	There	were	also	other	benefits	 to	molecular	
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work,	 such	 as	 the	 identification	 of	 other	 taxa	 associated	 with	 OPM,	 including	

microorganisms	 such	 as	 molds,	 yeasts	 and	 fungi,	 including	 potentially	

entomopathogenic	 fungi,	 that	 were	 undetected	 from	 visual	 assessment	 or	 rearing.	

However,	 there	 are	 some	 limitations	 to	 using	 molecular	 techniques	 for	 the	

investigation	of	host-parasitioid	interactions.	Firstly,	the	correct	identification	of	DNA	

relies	on	a	DNA	reference	 library	obtained	from	genbank.	There	was	unknown	DNA	

present	in	the	results,	which	may	be	from	unknown	parasitoid	species	of	OPM.		

	

Another	problem	with	the	molecular	methods	was	that	of	contamination,	either	at	the	

preparation	or	PCR	stage	as	there	were	positive	control	sequences	present	in	sample	

wells,	 unknown	 DNA	 in	 positive	 control	 wells	 and	 other	 DNA	 in	 negative	 control	

wells.	 Oil	 seals	 were	 used	 to	 try	 and	 minimize	 the	 contamination	 between	 wells	

during	both	PCRs,	 but	 evidently	were	not	 entirely	 successful.	 In	 total,	 only	0.8%	of	

wells	were	contaminated,	but	this	still	highlights	the	need	for	caution	when	reaching	

conclusions.		

	

The	 results	 of	 Chapter	 3	 show	 that	 nested	 metabarcoding	 can	 be	 used	 to	 reveal	

multiple	 species	 interactions.	When	 used	 in	 conjunction	 with	 rearing	 experiments,	

the	 two	 methods	 present	 a	 powerful	 approach	 in	 dealing	 with	 host-parasitoid	

interactions,	enabling	cross-reference	of	samples,	providing	adult	specimens	for	both	

traditional	 identification	and	 sequencing	of	 their	 genome	 to	provide	 reference	DNA	

available	to	the	wider	scientific	community.	Nested	metabarcoding	could	be	applied	

to	multiple	 systems	such	as	 the	 identification	of	pollen	on	pollinators	or	describing	

arbuscular	mycorrhizal	fungal	interactions	with	different	plant	species.		

	

5.3 Community	Ecology	

The	 third	 research	 question	 of	 this	 thesis	 explored	 the	 relationships	 that	 exist	

between	OPM,	its	parasitoids	and	other	native	species.	The	distribution	of	species	is	

shaped	 by	 both	 environment	 and	 the	 interactions	 with	 other	 organisms	
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(Thompson,	2013),	thus	community	ecology	is	an	important	framework	for	biological	

invasions	 (Shea	 &	 Chesson,	 2002).	 Many	 invasive	 species	 are	 released	 from	 the	

pressures	 of	 natural	 enemies	 in	 their	 new	 area,	 and	 this	 release	 is	 one	 of	 the	 key	

hypotheses	to	explain	the	success	of	 invasive	species	(Colautti	et	al.,	2004;	Keane	&	

Crawley,	2002).		

	

Chapter	 4	 showed	 that	 although	 the	 number	 of	 OPM	 larvae	 killed	 by	 C.	 iliaca	

increased	 as	 nest	 size	 increased,	 the	 percentage	 of	 larvae	 killed	 remained	 constant	

and	there	was	no	evidence	of	density	dependence	of	parasitism	at	this	scale.	Density	

dependent	parasitism	patterns	have	been	reported	in	gypsy	moth	(Gould	et	al.,	1990).	

It	is	difficult	to	fully	draw	conclusions	about	the	relationships	that	exist	between	OPM	

and	 C.	 iliaca	 over	 just	 one	 season	 as	 time	 lags	 may	 be	 present	 in	 host-parasitoid	

dynamics	(Turchin,	1990).	Therefore,	long-term	population	monitoring	of	both	OPM	

and	C.	 iliaca	 populations	 should	be	 carried	 out	 to	 fully	 understand	 the	 interactions	

between	 the	 two	 species	 and	 detect	 any	 possible	 time	 interactions.	 Scale	 is	 an	

important	 factor	 of	 density	 dependence	 and	 could	 be	 investigated	 at	 the	 level	 of	

individual	 nests	 or	 the	 numbers	 of	 nests	 across	 the	 landscape.	 The	 results	 from	

Chapter	 4	 give	 no	 indication	 how	 the	 number	 of	 nests	 within	 an	 area	 affects	

parasitism	rate	especially	during	an	outbreak.	However,	mortality	during	an	outbreak	

does	not	always	increase	(Brodman	et	al.	1997;	Maron	&	Harrison	1997).	

	

The	 number	 of	 C.	 iliaca	 within	 the	 nest	 was	 explained	 by	 an	 interaction	 between	

habitat	 and	 nest	 size,	 with	 small	 nests	 containing	 more	 C.	 iliaca	 in	 closed	 canopy	

woodland.	 As	 nest	 size	 increases,	 more	 C.	 iliaca	 per	 nest	 are	 found	 in	 woodland	

pasture.	Parasitoids	naturally	search	for	areas	of	high	host	density	(Connor	&	Cargain	

1994).	Further,	many	tachinid	flies	are	attracted	to	flowers,	such	as	umbellifers,	(e.g.	

Baer,	 1920),	 which	 are	 more	 likely	 to	 be	 found	 in	 open	 areas.	 Higher	 levels	 of	

parasitism	 in	 smaller	 nests	 in	 closed	 canopy	 woodland	 may	 be	 a	 product	 of	

reproductive	response.	OPM	nests	were	removed	in	the	autumn	from	most	sites,	but	

more	nests	 are	 left	 in	 closed	 canopy	woodland	 than	woodland	pasture	 (G.	 Jonusas,	
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pers	 comm).	 This	 means	 that	 more	 C.	 iliaca	 adults	 are	 likely	 to	 emerge	 in	 closed	

canopy	woodland.				

	

Chapter	 4	 found	 that	 parasitism	 by	 C.	 iliaca	 remained	 around	 37%.	 This	 is	 much	

lower	than	the	76%	reported	in	the	literature	(Tschorsnig,	1993;	Stigter	et	al.,	1997).	

There	was	also	no	increase	in	parasitism	over	the	survey	period	despite	an	increase	

in	the	number	of	OPM	nests	in	Richmond	Park.	This	is	most	likely	explained	by	OPM	

management	 practices	 that	 have	 negatively	 impacted	 on	C.	 iliaca	 populations.	OPM	

nests	are	removed	after	the	adult	flight	period	in	August	to	protect	park	visitors	from	

the	 remaining	urticating	hairs.	However,	C.	 iliaca	 over-winters	 in	 the	 old	nests	 and	

emerges	in	the	spring,	thus	removing	nests	in	the	autumn	may	remove	a	substantial	

proportion	 of	 the	 population.	Management	 practices	 have	 since	 been	modified	 and	

further	studies	should	be	carried	out	to	assess	whether	the	abundance	of	C.	iliaca	has	

increased,	and	the	impact	this	is	having	on	OPM	populations.			

	

There	 was	 inconclusive	 evidence	 of	 alternative	 host	 selection	 by	 C.	 iliaca.	

Metabarcoding	revealed	the	presence	of	C.	iliaca	DNA	in	gypsy	moth	larvae,	but	it	is	

not	clear	if	this	is	a	result	of	contamination	or	alternative	host	use.	Host	specialisation	

may	confer	an	evolutionary	disadvantage	to	the	parasitoid	if	hosts	are	difficult	to	find	

(Janzen,	 1981;	 Janzen	 &	 Pond,	 1975).	 There	 is	 therefore	 evolutionary	 pressure	 on	

parasitoids	to	utilise	marginal	hosts.	The	low	levels	of	C.	iliaca	DNA	present	in	gypsy	

moth	 samples	 may	 be	 characteristic	 of	 egg	 laying	 or	 failed	 parasitism	 attempts	

(Ratcliffe	 et	 al.,	 2002),	 but	 could	 also	 be	 caused	 by	 contamination	 either	 at	 the	

collection,	preparation	or	PCR	stage.	Contamination	was	an	issue	in	Chapter	3,	thus	it	

is	difficult	to	draw	conclusions.	Further	field	and	lab	work	needs	to	be	carried	out	to	

confirm	these	findings.		

	

Chapter	4	found	no	evidence	that	OPM	had	an	effect	on	local	biodiversity.	This	may	be	

due	 to	 the	methods	used	 in	 this	study,	which	were	not	exhaustive	or	extensive	and	

therefore	may	not	have	been	sensitive	enough	to	detect	subtle	patterns.	Furthermore,	
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the	population	density	of	OPM	in	the	survey	areas	may	be	too	low	to	have	detectable	

effects	on	other	species.	Processionary	moth	nests	may	be	important	shelter	for	other	

arthropods	(Branco	et	al.,	2008),	but	there	was	no	evidence	of	arthropods	using	OPM	

nests	 in	 this	 way.	 Nest	 construction	 may	 drive	 other	 interactions	 however,	 as	 the	

community	of	agents	directly	linked	to	OPM	are	different	according	to	life	stage.	Nests	

create	stable	temperatures	for	pupation	(e.g.	Breuer	&	Devkota,	1990),	which	is	likely	

to	explain	why	the	organisms	associated	with	pupae	are	different	to	larvae.	Much	of	

the	 other	 DNA	 obtained	 through	 processing	was	 that	 of	microorganisms	 for	which	

conditions	in	the	OPM	nests	are	more	favourable	than	outside	of	the	nest.	OPM	larvae	

spend	 time	 out	 of	 the	 nest	 and	 would	 therefore	 be	 expected	 to	 have	 different	

microbial	flora	compared	to	pupae.		

	

5.4 Management	of	OPM		

Processionary	moth	defoliation	is	a	risk	to	both	tree	health	(Jacquet	et	al.,	2012)	and	

commercial	 forestry,	 and	 may	 have	 ecological	 and	 social	 impacts.	 Therefore	 the	

management	of	OPM	needs	to	meet	the	demands	of	all	stakeholders.	Oak	trees	have	

the	highest	amount	of	arthropod	diversity	of	any	tree	species	in	the	UK	(Kennedy	&	

Southwood,	1984),	and	therefore	management	of	OPM	also	needs	to	be	targeted	and	

environmentally	sensitive.		

	

There	are	various	methods	of	OPM	management,	which	may	be	supported	to	different	

extents	 by	 stakeholders.	 The	 least	 supported	 option	 is	 chemical	 control	 (Jetter	 &	

Paine,	2004;	McFarlane	et	al.,	2006),	especially	the	aerial	application	of	 insecticides,	

which	often	raises	concerns	over	environmental	impact	(Pimentel,	1995)	and	human	

health	 (Gamble	 et	 al.,	 2010).	 This	 has	 already	 been	 demonstrated	 with	 the	

management	of	OPM	after	the	aerial	spraying	of	the	insecticide	Bacillus	thuringensis	

subsp.	Kurstaki	(BTk)	in	2013	and	2014	at	Pangbourne	in	West	Berkshire		(Mabbett,	

2014).	Natural	England	authorised	the	spraying	of	an	isolated	OPM	population	based	

on	 evidence	 that	 this	 population	 could	 be	 eradicated,	 but	 faced	 strong	 local	

opposition.	Ground	application	of	pesticides	faces	much	less	opposition,	perhaps	as	it	
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is	seen	as	a	more	targeted	option	with	the	ability	to	minimise	effects	on	wildlife	and	

human	health	(Fuller	et	al.,	2016).		Richmond	Park	uses	ground	spraying	as	one	way	

to	 control	 OPM	 numbers	 in	 areas	 where	 the	 public	 are	 at	 greatest	 risk	 from	 OPM	

exposure.	However,	there	are	logistical	problems	with	pesticide	application	from	the	

ground	in	some	locations	(Parks	&	Townsend,	2011).		

	

Tree	felling	is	one	option	of	management	that	removes	the	risk	of	OPM	altogether	and	

the	 associated	 costs	 of	 continual	 OPM	 management.	 This	 option	 may	 become	

attractive	 to	 landowners	 where	 OPM	 is	 a	 persistent	 problem	 and	 is	 relatively	

supported	by	 stakeholders,	but	does	 raise	 concerns	about	 the	 loss	of	 scenic	quality	

and	recreation	value	 (Flint	et	al.,	 2012;	Porth	et	al.,	 2015),	 and	 the	habitat	of	other	

species.	 The	 research	 carried	 out	 for	 this	 thesis	 shows	 no	 evidence	 that	 OPM	

populations	are	at	levels	where	tree	felling	is	warranted.		

	

Manual	 nest	 removal,	 carried	 out	 by	 hand	 or	 using	 vacuum	 equipment	 is	 the	most	

targeted	and	least	intrusive	method	of	management	that	is	currently	employed	by	the	

Royal	Parks	and	Borough	councils	of	London	(Parks	&	Townsend,	2011).	This	method	

is	time	consuming,	expensive	and	relies	on	accurate	surveys	to	be	carried	out	in	order	

for	 removal	 teams	 to	 locate	 the	 nests.	 However,	 it	 is	 unlikely	 that	 this	 method	 of	

management	will	be	effective	 in	an	outbreak	due	 to	 the	sheer	number	of	nests	 that	

would	be	present.	This	method	of	management	is	also	likely	to	have	impacted	on	the	

numbers	 of	 C.	 iliaca	 that	 eclose	 from	 OPM	 nests	 reducing	 the	 natural	 rate	 of	

parasitism	 in	OPM.	 The	 findings	 from	 this	 thesis	 have	 been	 used	 to	 recommend	 to	

managers	 that	OPM	nests	 should	be	 left	 in	 situ	 until	 the	 spring	 to	 allow	C.	 iliaca	 to	

develop	and	emerge.			

	

	

The	idea	of	 ‘naturalness’	 features	in	many	people's	attitudes	to	management	of	pest	

species	 (Selge	et	al.,	 2011,	Dandy	et	al.,	 2012),	 and	biocontrol	 is	 seen	as	one	of	 the	

most	 favoured	 methods	 of	 management	 (Fuller	 et	 al.,	 2016).	 Biocontrol	 agents	

include	 parasites,	 parasitoids	 and	 entomopathogenic	 microorganisms	 and	 all	 have	
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been	 used	 to	 counteract	 the	 gypsy	 moth	 invasion	 of	 America	 (Doane	 &	 McManus,	

1981).	However,	biocontrol	agents	can	be	difficult	to	control	once	released	(Howarth,	

1991),	 and	 have	 negative	 consequences	 for	 native	 species	 (Boettner	 et	 al.,	 2000).	

Carcelia	 iliaca,	 a	 monophagous	 parasitoid	 of	 OPM	 has	 the	 potential	 to	 naturally	

suppress	 OPM	 populations,	 although	more	 research	 is	 required	 over	 a	 longer	 time	

frame	 to	 determine	what	 effect	C.	 iliaca	will	 have	 on	OPM	populations.	 The	 results	

from	Chapter	4	highlight	microorganisms	with	biocontrol	potential	which	warrants	

further	investigation.		

	

	

Management	 to	 protect	 biodiversity	 is	 widely	 supported	 (Moore	 et	 al.,	 2011),	

although	this	thesis	found	no	evidence	that	OPM	is	currently	having	a	negative	impact	

on	local	biodiversity.	This	situation	may	change	in	the	future	and	should	continue	to	

be	 investigated.	 Overall,	 support	 for	 OPM	management	 is	 high	 (Fuller	 et	 al.,	 2016)	

which	suggests	 that	OPM	populations	should	continue	 to	be	suppressed	 in	 the	core	

outbreak	zone	and	more	intensive,	eradication	attempts	should	be	made	on	isolated	

populations.		

	

5.5 Conclusions		

In	 conclusion,	 this	 thesis	 has	 revealed	much	 about	 the	 population	 ecology	 of	 OPM.	

Firstly,	it	has	demonstrated	that	OPM	has	strong	habitat	preferences	that	are	spatially	

and	temporally	consistent.	The	number	of	OPM	nests	are	inversely	correlated	to	oak	

density	but	positively	 correlated	 to	 the	percentage	of	oak	within	 the	habitat.	There	

appears	to	be	no	effect	of	tree	diversity	or	understory	on	the	numbers	of	OPM.	Visual	

surveys	are	the	most	effective	survey	method	for	OPM	nests	and	larvae.	Nested	meta-

barcoding	has	been	shown	to	be	a	highly	suitable	tool	in	identifying	a	range	of	species	

associated	with	OPM	larvae	and	pupa.	In	the	case	of	OPM	and	its	main	parasitoid	in	

the	 UK,	 C.	 iliaca,	 visual	 identification	 of	 samples	 can	 augment	 the	 effectiveness	 of	

molecular	techniques	in	determining	whether	OPM	contains	a	C.	iliaca	parasitoid.	The	

use	 of	 any	 one	method	may	 not	 reveal	 the	 full	 suite	 of	 organisms	 interacting	with	

OPM.		Therefore	a	range	of	techniques	should	be	used.	During	fieldwork,	C.	iliaca	was	
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identified	 for	 the	 first	 time	 in	 the	 UK	 but	 it	 is	 not	 clear	 how	 C.	 iliaca	 became	

established	in	the	UK.	Carcelia	iliaca	was	found	to	be	responsible	for	the	mortality	of	

around	37%	of	OPM	pupae.	The	 rate	of	parasitism	was	not	host	density	dependent	

and	not	affected	by	habitat.	There	was	no	change	 in	 the	rate	of	parasitism	between	

2014	 and	 2015.	 OPM	 had	 no	 detectable	 positive	 or	 negative	 effect	 on	 local	

biodiversity.	 However,	 the	 organisms	 associated	 with	 OPM	 are	 different	 for	 OPM	

larvae	and	pupae.		

	

5.6 Future	Directions		

Although	the	research	conducted	for	this	thesis	has	been	the	first	substantial	body	of	

research	on	OPM	 in	 the	UK,	many	aspects	 require	 further	 investigation	and	several	

questions	remain	or	have	been	raised.		One	of	the	biggest	limitations	of	this	thesis	is	

the	 time	 frame	 in	 which	 it	 was	 carried	 out.	 Population	 studies	 require	 long-term	

monitoring	 in	 order	 to	 draw	 conclusions.	 The	 data	 analysis	 in	 Chapter	 2	 took	

advantage	 of	 the	 data	 collected	 by	 the	 Royal	 Parks	 over	 the	 maximum	 period	

available	(4	years),	but	even	this	is	much	shorter	than	the	standard	in	the	literature	

(e.g.	Turchin,	1990).	Therefore	it	is	difficult	to	infer	how	the	populations	of	OPM	will	

perform	in	the	long-term.	It	is	recommended	that	long-term	population	monitoring	of	

OPM	be	carried	out	for	robust	conclusions	to	be	drawn.			

	

Some	questions	about	OPM	have	not	been	addressed	in	this	thesis.	For	example,	the	

flight	 capabilities	 of	 female	 moths	 remain	 unknown.	 This	 information	 is	 vital	 for	

accurately	 predicting	 spread	 of	 population	 fronts.	 These	 data	 would	 be	 difficult	 to	

obtain	in	the	field	and	would	likely	require	a	lab-based	approach	using	flight	mills	for	

example	 (Schumacher	 et	 al.,	 1997).	 Other	 questions	 haven’t	 been	 answered	 during	

this	 investigation.	For	example,	no	evidence	of	OPM	predation	was	obtained	during	

lab	or	fieldwork.	Predation	of	PPM	occurs	by	generalist	predators	(Barbaro	&	Battisti,	

2011).	For	OPM,	Gillian	 Jonusas	has	observed	cantharid	beetles	as	well	as	great	 tits	

and	woodpeckers	taking	OPM	larvae,	but	predation	has	not	been	quantified	and	it	is	

not	 known	what	 impact	 predation	has	 on	OPM	populations.	 Investigation	 into	 how	
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predation	 affects	 OPM	 population	 growth	 should	 be	 carried	 out.	 Another	 line	 of	

inquiry	should	be	what	impact	OPM’s	urticating	hairs	have	on	native	predators.		

	

Research	 for	 this	 thesis	 concentrated	 on	 the	 semi-natural	 woodland	 habitats	 of	

London.	It	is	not	known	how	OPM	performs	in	more	urban	habitats.	OPM	were	found	

in	higher	densities	in	areas	of	low	tree	density.	Often,	trees	in	urban	areas	are	planted	

in	low	densities,	and	often	in	avenues	alongside	roads.	Results	from	Chapter	2	suggest	

this	type	of	tree	distribution	is	likely	to	support	high	numbers	of	OPM	nests.	Another	

aspect	of	the	urban	habitat	that	warrants	further	investigation	is	the	role	of	roads	and	

railways	in	the	dispersal	of	OPM	(see	Von	der	Lippe	&	Kowarik,	2008)	

	

5.6.1 Management	impacts		

Managers	 and	 policy	 makers	 are	 often	 at	 the	 forefront	 of	 dealing	 with	 invasive	

species.	However,	there	can	be	a	disparity	between	invasion	biologists	and	managers,	

highlighting	 differences	 in	 needs	 between	 the	 scientific	 community	 and	 the	 public	

(Courchamp	et	 al.,	 2017).	This	 is	particularly	 acute	 in	 the	 case	of	OPM.	There	 is	 a	

consensus	 among	managers	 and	 policy	 makers	 that	 OPM	management	 should	 be	

focussed	on	areas	of	high	human	density,	where	risks	 from	urticating	hairs	pose	a	

tangible	risk	to	members	of	the	public,	 for	example	at	schools,	hospitals	and	other	

community	 areas.	 This	 risk-based	 approach	 is	 the	 current	 strategy	 in	 place	 for	

dealing	 with	 OPM.	 Whilst	 this	 approach	 maximises	 public	 protection,	 it	 may	 not	

however,	 be	 the	 best	 strategy	 for	 overall	 OPM	 population	 management.	 The	

population	 density	 analysis	 in	 Chapter	 2	 suggests	 that	within	 the	 landscape,	OPM	

populations	 may	 exhibit	 consistently	 high	 or	 low	 population	 densities.	 Targeting	

OPM	management	 in	 low-density	 areas	may	 be	 successful	 in	 localised	 eradication	

(El-Sayed	 et	 al.,	 2006).	 The	 impact	 of	 management	 on	 OPM	 populations	 needs	 a	

larger	 scale,	 coordinated	 approach	based	 on	 a	 deeper	 level	 of	 understanding.	 The	

use	of	biocontrol	as	a	tool	for	OPM	management	is	another	area	of	management	that	

needs	investigating.		
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5.6.2 Outbreak	Thresholds	

OPM	 is	 an	 outbreaking	 species.	 However,	 the	 UK	 populations	 of	 OPM	 have	 not	

reached	outbreaking	status	since	 introduction.	The	exact	processes	and	adaptations	

that	 allow	 species	 to	 outbreak	 are	 species	 specific	 (Wallner,	 1987),	 but	 in	 general,	

outbreaking	 species	 show	 plasticity,	 and	 are	 able	 to	 capitalise	 on	 a	 changeable	

environment.	For	example,	the	gypsy	moth	is	able	to	exploit	conditions	that	weaken	

its	 host	 (Houston	 &	 Valentine,	 1977)	 and	 overcome	 top-down	 regulation	 by	

overwhelming	predators	(Campbell	&	Sloan,	1977).	One	key	area	of	future	research	is	

the	 development	 of	 threshold	 indicators	 to	 when	 an	 outbreak	 is	 imminent.	 This	

knowledge	is	of	interest	both	from	a	theoretical	perspective,	but	is	also	important	for	

successful	management.			

	

5.6.3 Co-invasion	with	gypsy	moth	

Chapter	 4	 revealed	 that	 OPM	 is	 invading	 the	 UK	 simultaneously	 with	 the	 re-

colonisation	 of	 gypsy	 moth.	 This	 creates	 an	 interesting	 situation,	 in	 which	 the	

complex	interactions	between	these	species	may	lead	to	unpredictable	outcomes	for	

other	species	and	ecosystems	(e.g.	Crooks	2002;	Bruno	&	O'Connor,	2005).	Particular	

areas	of	interest	are	whether	apparent	competition	exists	between	the	two	species	or	

whether	facilitative	interactions	may	increase	the	competitive	abilities	of	both	species	

(e.g.,	Ricciardi	2001;	Green	et	al.,	2011).	Such	 interactions	may	 increase	the	current	

multiple	pressures	affecting	oak,	a	particularly	important	tree	in	the	UK.		
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Appendices	

A.1 Supplementary	Table	S1.	Maximum	and	median	tree	DBH	from	

the	seven	survey	sites	in	West	London.		

	

Area	 Maximum	Tree	DBH	(CM)	 Median	Tree	DBH	(CM)	

Richmond	Park	Pasture	1	 106.63	 65.89	

Richmond	Park	Canopy	1	 154.06	 63.34	

Richmond	Park	Pasture	2	 102.81	 71.3	

Richmond	Park	Canopy	2	 176.98	 65.57	

Bushy	Park	Pasture	 138.46	 62.07	

Bushy	Park	Canopy	 159.47	 60.48	

Wimbledon	Common	Canopy	 63.34	 37.56	
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A.2 Supplementary	Table	S2.	Complete	list	of	taxa	identified	from	

metabarcoding.		

Didymella	pinodes	(Berk.	&amp;	A.	Bloxam)	Petr.,	(1924)	 Sus	scrofa	(Linnaeus,	1758)	

Penicillium	sclerotiorum	(J.F.H.	Beyma	1937)	 Aspergillus	

Beauveria	bassiana	(Bals.-Criv.)	Vuill.	(1912)	 Penicillium	

Rhodotorula	taiwanensis	(Lee	&	Huang,	2011)	 Nais	

Erpobdella	octoculata	(Linnaeus,	1758)	 Triops	

Bothrioneurum	vejdovskyanum	(Štolc,	1886)	 Rhithrogena	

Limnodrilus	hoffmeisteri	(Claparède,	1862)	 Oreochromis	

Triops	cancriformis	(Bosc,	1801)	 Homarus	gammarus	(Linnaeus,	1758)	

Limnius	volckmari	(Panzer,	1793)	 Asellus	aquaticus	(Linnaeus,	1758)	

Laccobius	minutus	(Linnaeus,	1758)	 Astatotilapia	calliptera	(Günther,	1894)	

Prodiamesa	olivacea	(Meigen,	1818)	 Homo	sapiens	

Empis	livida	(Linnaeus,	1758)	 Mytilus	

Carcelia	iliaca	(Ratzeburg,	1840)	 Aspergillaceae	

Lymantria	dispar	(Linnaeus,	1758)	 Cordycipitaceae	

Thaumetopoea	processionea	(Linnaeus,	1758)	 Mucorales	

Dikerogammarus	villosus	(Sowinsky,	1894)	 Ascomycota	

Gammarus	fossarum	(Koch,	1836)	 Arthropoda	

Gammarus	pulex	(Linnaeus,	1758)	 Unassigned	

Pacifastacus	leniusculus	(Dana,	1852)	 	
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A.3 Carcelia	iliaca	(Diptera:	Tachinidae),	a	specific	parasitoid	of	

the	oak	processionary	moth	(Lepidoptera:	Thaumetopoeidae),	

new	to	Great	Britain.		
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A.3.1 Abstract		

Carcelia	iliaca	(Ratzeburg)	is	added	to	the	British	list	based	on	a	specimen	collected	

from	Richmond	Park	in	Surrey.	Morphological	features	distinguishing	C.	iliaca	from	

other	tachinid	species	are	presented,	along	with	notes	on	its	known	distribution	and	

biology.	The	Cytochrome	c	oxidase	subunit	I	(COX1)	DNA	sequence	unique	to	C.	iliaca	

was	characterised	to	provide	a	specific	molecular	tool	for	future	identification.		

	

A.3.2 Introduction			

Carcelia	iliaca	(Ratzeburg)	is	a	monophagous	parasitoid	of	the	Oak	Processionary	

Moth	Thaumetopoea	processionea	(L.).	Its	host	T.	processionea	is	native	to	central	and	

southern	regions	of	continental	Europe,	but	was	introduced	accidently	to	Great	
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Britain	on	imported	oak	trees	(Quercus	robur	var.	fastigiata)	in	2006	(Townsend,	

2013).	These	introductions	led	to	the	establishment	of	T.	processionea	at	two	sites	in	

west	London	(Townsend,	2013).	From	these	initial	foci,	T.	processionea	increased	and	

expanded	its	range,	despite	an	extensive	control	programme	coordinated	by	the	

Forestry	Commission,	and	it	can	now	be	found	across	an	area	covering	more	than	300	

km
2	
(Forestry	Commission,	2013).	Smaller,	outlying	outbreaks	were	discovered	in	

Pangbourne,	Berkshire,	in	2010	and	on	the	border	between	Croydon	and	Bromley	in	

2012.	Thaumetopoea	processionea	was	first	found	in	Richmond	Park	in	2009.		

The	specimen	of	C.	iliaca	obtained	in	Richmond	Park	was	captured	on	9	June	2014	as	

it	was	laying	eggs	on	a	larval	nest	of	T.	processionea	on	the	trunk	of	an	oak	tree.	Older	

larvae	of	T.	processionea	construct	a	distinctive	silken	nest	during	June	and	July,	

either	on	the	trunk	or	on	the	main	branches	of	the	oak	tree	on	which	they	are	feeding,	

within	which	they	shelter	during	the	day	(Maksymov,	1978).	The	larvae	leave	the	nest	

at	night	to	feed	on	the	foliage	and,	when	fully	grown,	they	pupate	together	inside	the	

nest.	The	adult	moths	emerge	in	late	July	and	August.		

Carcelia	iliaca	is	recorded	from	Belgium,	Bulgaria,	Czech	Republic,	France,	Italy,	Iran,	

the	Netherlands,	and	Turkey	(Grison,	1952;	Tschorsnig,	1993;	Stigter,	Geraedts	&	

Spijkers,	1997;	Zeegers,	1997;	Kara	&	Tschorsnig,	2003;	Ghahari	et	al.,	2008;	

Hubenov,	2008;	Vanhara	et	al.,	2009;	Cerretti	&	Tschorsnig,	2010)	but	has	not	been	

recorded	previously	from	Great	Britain.	Its	addition	to	the	British	list	increases	the	

total	number	of	Carcelia	species	in	Great	Britain	to	nine.		

			 		

Figure	1.	Carcelia	iliaca	is	unusual	in	having	much	smaller	eyes	than	other	Carcelia	

species.	The	gena	(indicated	by	the	arrow)	is	about	one	seventh	the	height	of	the	eye.		
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Distinguishing	Carcelia	iliaca	from	other	tachinids		

Carcelia	iliaca	is	a	calyptrate	fly	(having	a	ptineal	suture,	transverse	thoracic	groove	

and	calypytrae/squamae);	an	oestroid	(having	hypopleural	bristles	in	front	of	the	

hind	thoracic	spiracle);	and	a	tachinid	(having	a	well-rounded	subscutellum).	Carcelia	

spp.	are	usually	distinguished	by	having	very	large,	hairy	eyes	(the	gena	is	usually	less	

than	one	tenth	the	height	of	an	eye	when	viewed	laterally);	and	a	tuft	of	hairs	on	the	

posterodorsal	edge	of	the	hind	coxae.	Carcelia	iliaca	is	unusual	in	having	much	

smaller	eyes	than	other	members	of	this	genus	(the	gena	is	about	one	seventh	the	

height	of	an	eye;	Fig.	1)	but	it	still	has	the	hair	tuft	on	the	hind	coxa.		

In	the	field,	C.	iliaca	looks	like	a	very	grey-dusted,	housefly/bluebottle	shaped	fly	with	

a	tessellated	dusting	pattern	on	the	abdomen;	an	orange	scutellum	with	raised	apical	

scutellar	bristles;	densely	hairy	eyes;	a	bent	median	wing	vein;	and	a	body	length	of	

approximately	8–10mm.	They	have	been	observed	running	over	the	webs	and	

exposed	larvae	of	T.	processionea,	(Sands,	pers.	ob.)	but	if	searched	for	they	might	be	

found	in	the	general	vicinity	of	active	webs	and	on	flowers	nearby,	such	as	

umbellifers,	which	are	particularly	attractive	to	tachinid	flies	(e.g.	Baer,	1920).		

	

Genetic	sequencing		

Molecular	methods	offer	more	powerful	ways	of	identifying	species,	which	can	

complement	and	in	some	cases	supersede	traditional	morphological-based	identifica-	

tion	methods.	DNA-based	identification	typically	uses	the	cytochrome	oxidase	1	

(COX1)	sequence	of	the	mitochondrial	genome,	but	up	until	now	there	has	been	no	

COX1	sequence	available	for	C.	iliaca.	Therefore	material	obtained	from	the	specimen	

from	Richmond	Park	was	used	to	determine	the	COX1	sequence	for	this	species	and	

to	make	this	sequence	available	for	future	analysis.		
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DNA	was	extracted	from	a	single	leg	using	the	DNeasy	blood	and	tissue	kit	(Qiagen,	

UK).	COX1	was	amplified	for	sequencing	using	the	polymerase	chain	reaction	with	the	

primers	LCO1490	and	HCO2198	(Folmer	et	al.,	1994)	and	MyTaq	Red	Mix	(Bioline,	

UK).	The	thermal	profile	used	consisted	of	35	cycles	of	958C	for	30s,	528C	for	60s	and	

728C	for	30s.	Sanger	sequencing	was	carried	out	in	both	directions	using	the	PCR	

primers	as	sequencing	primers	by	Macrogen	Europe	(Amsterdam,	the	Netherlands).	

Sequences	were	checked	and	concatenated	in	Geneious	v5.5	(Biomatters,	New	

Zealand)	before	submission	to	GenBank	(accession	number:	KT345964).		

	

A.3.3 Discussion		

Carcelia	iliaca	has	one	generation	each	year	and	lays	its	eggs	on	the	surface	of	the	

silken	nests	constructed	by	T.	processionea.	Its	larvae	then	hatch	and	search	actively	

for	late	instar	T.	processionea	larvae	inside	the	nest	(Tschorsnig	&	Wagenhoff,	2012).	

High	rates	of	parasitism,	of	up	to	76%,	have	been	reported	in	Belgium,	France	and	the	

Netherlands	(Grison,	1952;	Tschorsnig,	1993;	Stigter,	Geraedts	&	Spijkers,	1997).	

Parasitism	rates	by	C.	iliaca	in	Great	Britain	remain	unknown,	but	are	currently	under	

investigation	using	molecular	methods	based	on	the	genetic	sequence	obtained	from	

the	Richmond	specimen.	This	work	forms	part	of	a	wider	series	of	studies	on	the	

population	ecology	of	T.	processionea,	which	aims	to	understand	how	different	

factors,	e.g.	habitat,	microclimate,	stand	composition	and	natural	enemies	

(parasitoids	and	predators),	influence	T.	processionea	populations	and	their	impact.	

The	discovery	of	C.	iliaca	is	important	for	understanding	the	relationship	between	T.	

processionea	and	parasitoids,	but	it	also	raises	a	number	of	questions.	In	particular,	

as	its	host	T.	processionea	appears	to	have	been	introduced	as	egg	plaques	on	

imported	trees	during	winter,	it	is	unclear	how	C.	iliaca,	as	a	larval	parasitoid,	was	

introduced	and	became	established.		

To	date,	the	specimen	of	C.	iliaca	from	Richmond	Park	is	the	only	confirmed	example	

of	this	species	from	Great	Britain.	The	full	extent	of	its	distribution	in	Great	Britain	

remains	unclear.		
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