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Summary

The	 safety	 of	 biological	 control	 methods	 is	 a	 subject	 that	 has	 received	 considerable	 attention	 for	
a	long	time.	However,	apparent	competition	(competition	due	to	shared	natural	enemies)	has	been	
neglected	when	considering	possible	impacts	of	biological	control	agents.	One	of	the	reasons	for	the	
lack of studies in this area is the difficulty in assessing and predicting indirect effects due to apparent 
competition.	In	this	paper	we	outline	a	methodology	to	predict	and	measure	non-target	impacts	of	
biological	control	agents	due	to	apparent	competition.
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Underlying rationale
Invasive	species	are	one	of	the	main	threats	to	global	
biodiversity	(Schmitz	and	Simberloff,	1997).	Classical	
biological	control	involves	the	deliberate	introduction	
of	an	alien	species	and	it	is	viewed	as	a	sustainable,	en-
vironmentally	friendly	form	of	pest	control.	The	safety	
of	biological	control	is	a	subject	that	has	received	much	
attention,	 with	 particular	 concerns	 about	 the	 interac-
tions	between	biological	control	agents	and	‘non-target’		
species	 (Pemberton	 and	 Strong,	 2000;	 Thomas	 and	
Willis,	1998;	Boettner	et al.,	2000;	Louda et al.,	1997).	
Non-target	species	can	be	affected	directly,	if	an	agent	
attacks	 a	 non-target	 host,	 or	 indirectly,	 for	 instance,	
when	the	agent	shares	natural	enemies	with	native	spe-
cies	(apparent	competition,	reviewed	by	Holt	and	Law-
ton,	1994).	One	of	the	main	criteria	for	a	certain	species	
to	be	considered	a	safe	biological	control	agent	 is	 its	
high host specificity, reducing its likelihood to directly 
affect	 native	 species.	 However,	 a	 successfully	 estab-
lished	biological	control	agent	is	an	abundant	resource	
for	 natural	 enemies	 present	 in	 the	 target	 ecosystem,	

such	 as	 parasitoids,	 parasites	 and	 pathogens,	 which	
can	 frequently	 be	 oligophagous	 or	 polyphagous	 (e.g.	
Hawkins	 and	 Goeden,	 1984;	 Memmott	 et al., 1994).	
Therefore,	 if	 these	 natural	 enemies	 include	 such	 an	
abundant	 food	 resource	 in	 their	diet,	 their	population	
abundance	can	in	turn	increase,	creating	a	potential	for	
apparent	competition.

Several	studies	have	shown	that	apparent	competi-
tion	can	have	strong	impacts	on	population	dynamics,	
either	due	to	shared	parasites	(Tompkins	et al.,	2000),	
predators	 (Muller	 and	 Godfray,	 1997)	 or	 parasitoids	
(Morris	et al.,	2001),	as	well	as	on	community	struc-
ture	 (e.g.	 herbivorous	 communities	 in	 Morris	 et al.,	
2004,	 2005;	 aphid-parasitoid	 communities	 in	 Muller	
and	 Godfray,	 1999;	 Muller	 et al.,	 1999).	 However,	
non-target	impacts	of	an	introduced	biological	control	
agent	on	native	species	 through	apparent	competition	
is	a	subject	that	has	not	received	much	attention	(Willis	
and	Memmott,	2005).

If	a	biological	control	agent	is	effective	in	reducing	
weed	abundance	to	low	levels,	then	non-target	impacts	
due	 to	 apparent	 competition	 can	 be	 minimal.	 How-
ever,	 very	 few	 pre-release	 studies	 have	 predicted	 the	
effectiveness	of	potential	biological	 control	 agents	 in	
reducing	 target	 weed	 abundance	 (e.g.	 Buckley	 et al.,	
2005; Wirfl, 2006). If an introduced agent remains at 
high	abundance	over	a	long	period	of	time,	the	prob-
ability	of	non-target	 effects	due	 to	apparent	 competi-
tion	is	enhanced.	Furthermore,	non-target	impacts	are	
of	particular	 concern	 for	 endemic	 species	whose	dis-
tribution	range	overlaps	completely	with	the	range	of	
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the	weed/biological	control	agent,	as	they	are	the	most	
likely	 species	 to	 suffer	 irreversible	 damage	 that	 may	
potentially	lead	to	their	extinction.

Community level approach
Plant–insect	 interaction	 systems	 can	 be	 extremely	

complex,	 involving	 dense	 webs	 of	 interactions	 (e.g.	
Waser	et al.,	1996;	Memmott,	1999;	Muller	et al.,	1999;	
Bascompte	et al.,	2003).	Thus,	to	fully	assess	the	poten-
tial	 indirect	effects	of	biological	control,	community-	
level	 surveys	 are	 necessary.	 Food	 webs	 have	 been		
suggested	as	the	appropriate	way	of	analysing	possible	
non-target	interactions	in	biological	control	(Henneman	
and	Memmott,	 2001;	Strong,	1997),	 since	 food	webs	
enable	 us	 to	 ask	 how	 a	 biological	 control	 agent	 can	
influence native communities (Memmott et al.,	2007).	
Using	 food	 webs	 as	 predictive	 tools	 in	 conservation	
biology	 has,	 until	 recently,	 been	 considered	 an	 unat-
tainable goal, as at first sight they appear very labor 
intensive to make and statistically difficult to analyse 
(Memmott	 et al.,	 2007).	 However,	 community-level	
ecology	has	developed	to	a	stage	where	we	are	capable	
of	 sampling,	visualizing	and	analysing	complex	 food	
web	 interactions	at	community-level	scale	(Memmott 
et al.,	2004;	Dunne et al.,	2002;	Sole et al.,	2001;	Ber-
sier,	et al.,	2002;	Banasek-Richter	et al.,	2004;	Cattin	
et al.,	2004).

Some	studies	have	already	used	a	community-level	
approach	 to	 look	 for	 non-target	 effects	 of	 biological	
control	agents.	For	example,	Louda	et al.,	(1997)	used	
this	approach	to	highlight	the	ability	of	biological	con-
trol	agents	to	disrupt	communities.	They	demonstrated	
that	an	exotic	seed-feeding	biological	control	agent	was		
displacing	 native	 seed	 feeders	 associated	 with	 non-	
target	plants.	Henneman	and	Memmott	(2001)	used	this	
approach	to	show	that	in	a	remote	area	of	Hawaii,	83%	
of	parasitoids	reared	from	native	moths	were	biological	
control	agents.	Nowadays,	this	type	of	non-target	im-
pact (due to lack of host specificity) is avoided by us-
ing	the	current	safety	regulations	governing	biological	
control	(e.g.	Fowler	et al.,	2000;	Sheppard	et al.,	2005).	
However,	indirect	non-target	impacts	are	much	harder	
to	predict	and	avoid.	Willis	and	Memmott	 (2005)	 re-
vealed	that	the	biological	control	agent,	Mesoclanis po-
lana	 (Munro)	 (Diptera:	Tephritidae)	had	 the	potential	
to	disrupt	the	native	food	web	structure	due	to	appar-
ent	competition,	mediated	by	shared	native	parasitoids,		
whose	 population	 abundances	 exponentially	 increased	
following	the	population	outbreak	of	M. polana.	Howev-
er,	this	study	did	not	clearly	test	for	impacts	of	the	weed	
and	 the	 biological	 control	 agent	 on	 abundance	 and/or	
species	richness	of	native	communities.	To	test	for	such	
effects,	 repeated	sampling	 in	sites	with	different	abun-
dances	of	weed	and	biological	control	agent	is	needed.

In	this	paper	we	propose	that	food	webs	provide	a	
protocol	that	can	quantify	the	impact	of	both	the	alien	
plant	and	its	biological	control	agent	upon	the	natural	

community,	which	can	then	be	tested	using	regression	
models.

Suggested methodology
For	 a	 correct	 assessment	of	 the	 impacts	of	 the	 abun-
dance	 of	 the	 weed	 and	 its	 biological	 control	 agents,	
two	components	need	to	be	included	in	a	post-release	
impact assessment programme. The first component is 	
descriptive,	involving	the	construction	of	food	webs	de-
scribing	the	patterns	of	trophic	linkages	between	plants,	
herbivores	and	parasitoids	in	communities	invaded	by	
weeds.	The	second	component	involves	statistical	test-
ing	of	the	effects	of	the	weed	and	the	biological	control	
agent	 abundance	 on	 native	 communities’	 abundance	
and	species	richness.

Sampling
Selection	of	ten	to	20	plots	covering	all	habitats	that	

are	 threatened	 by	 the	 weed,	 and	 covering	 a	 gradient	
of	 abundance	 of	 the	 weed	 and	 the	 biological	 control	
agent,	is	required.	Plot	size	should	be	selected	in	order	
to	include	the	maximum	number	of	plant	species	of	the	
field site (a suggested size of the plot is 40 ×	40	m),	and	
the	plots	should	be	at	least	500	m	apart,	so	they	can	be	
considered	independent.

Ideally,	all	ecological	niches	would	be	studied,	but	
it	is	more	practical	to	focus	on	the	most	likely	ecologi-
cal	niche	to	be	affected,	this	being	the	one	that	includes	
the	biological	control	agent	in	focus	(e.g.	seed	preda-
tors,	 leaf	miners,	herbivores)	and	 its	parasitoids.	Fur-
thermore,	assessing	parasitism	has	another	advantage,	
since	it	may	also	be	highly	relevant	to	the	success	and	
impact	of	the	biological	control	programme.

Community-level	sampling	requires	a	high	amount	
of	 effort.	 Based	 on	 a	 pilot	 project,	 we	 estimate	 that	
it	 will	 take	 approximately	 four	 weeks	 to	 sample	 20	
field sites, with two full-time people. Repeated sam-
pling	over	time	is	needed	during	the	seasons	of	higher	
abundances	of	 the	biological	control	agent	 to	 include	
the	maximum	number	of	species.	The	plots	should	be	
sampled	for	plants,	herbivores	and	parasitoids	monthly.	
The	sampling	and	rearing	methods	have	been	described	
in	previous	literature:	seed	predators	and	their	parasit-
oids	 (Memmott	 and	 Godfray,	 1994);	 leaf	 herbivores	
and	their	parasitoids	(Memmott	et al.,	1994;	Lewis	et 
al.,	2002);	and	aphids	and	their	parasitoids	(Muller	and	
Godfray,	1997;	Muller	et al.,	1999).	Rearing	time	can	
vary	with	 the	biology	and	geographical	 region	of	 the	
species	 involved.	As	 an	 example,	 a	 pilot	 study	 with	
seed	predators	in	Australia	involved	ten	weeks	of	rear-
ing	after	samples	were	collected.

Determining species links
It	is	relatively	straightforward	to	determine	trophic	

links	 between	 herbivorous	 insects	 and	 plant	 species.	
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Determining	 the	 parasitoids	 of	 most	 herbivore	 spe-
cies	 can	 be	 also	 straightforward.	 Immature	 stages	 of	
the	host	insect	are	reared	in	isolation	until	either	adult	
hosts	 or	 parasitoids	 emerge	 (Memmott,	 1999;	 Mem-
mott	and	Godfray,	1994).	Determining	parasitoids	of	a	
given	endophagous	herbivore	species	(e.g.	seed	preda-
tor)	is	not	as	simple,	as	the	seed	predators	themselves	
develop	inside	the	seed.	However,	for	many	plant	spe-
cies	 there	are	only	a	few	pre-dispersal	seed	predators	
and	information	in	the	literature	on	the	food	habits	of	
the	 parasitoid	 species	 may	 be	 enough	 to	 identify	 the	
host.	 Plant–herbivore–parasitoid	 webs	 are	 taxonomi-
cally	complex;	therefore,	taxonomic	input	is	essential,	
although	it	can	be	time	consuming	and	costly.

Testing for apparent competition
Effects	 of	 the	 weed	 and	 biological	 control	 agent	

on	 native	 communities	 of	 herbivores/seed	 predators,	
parasitoids	and	plants	can	be	tested	by	using	general-
ized	linear	models	(GLMs)	where	all	possible	combi-
nations	of	the	relevant	variables	(e.g.	habitat,	latitude,	
weed	abundance,	biological	control	agent	abundance)	
will	be	tested.	By	ranking	all	possible	models,	the	best	
model	can	be	selected	(Zuur	et al.,	2007).	If	the	effect	
of the biocontrol agent is strong enough, a significant 
effect	will	be	detected	over	and	above	the	effect	of	the	
weed	 abundance.	 This	 allows	 differentiating	 which	
native community patterns are significantly related to 
the	 weed	 abundance	 and/or	 to	 the	 biological	 control	
agent	 abundance.	 For	 example,	 if	 a	 model	 including	
the	 biological	 control	 agent	 abundance	 is	 selected	 as	
the	best	model	(e.g.	native	herbivores	species	richness	
~	habitat*biological	 control	 agent	 abundance),	 and	 if	
the	contribution	of	 the	biological	control	agent	abun-
dance is significant to the fit of the model, we can con-
clude	that	the	analysed	variable	is	being	affected	by	the	
agent.

Conclusions
Insects	 form	 numerous	 key	 links	 with	 other	 species,	
leading	to	complex	networks	of	 interactions.	To	fully	
assess	the	post-release	impacts	of	an	introduced	biolog-
ical	control	agent,	community-level	studies	 involving	
quantitative	data	are	needed.	The	recent	practical	and	
theoretical	 advances	 made	 in	 food-web	 construction	
and analysis allows wider applications in the field of 
conservation	biology,	such	as	the	assessment	of	biolog-
ical	control	impacts.	The	food-web	approach	suggested	
in	this	work	will	provide	a	post-release	impact	assess-
ment	 in	 an	 understandable,	 applicable	 form	 for	 both	
biological	 control	 practitioners	 and	 site	 managers.	 In	
addition,	although	the	methodology	proposed	here	al-
lows	the	assessment	of	post-release	impacts,	it	is	advis-
able	that	community-level	studies	are	also	done	before	
the	release	of	the	biological	control	agents.	This	would	
reveal	 the	native	community’s	pre-	and	post-invasion	

‘pattern’,	allowing	the	assessment	of	 the	total	magni-
tude	of	the	effects	of	the	biological	control	agent.

The	approach	presented	here	has	recently	been	ap-
plied	 by	 the	 authors	 to	 test	 for	 indirect	 impacts	 due	
to apparent competition of a highly specific biologi-
cal	control	agent,	Mesoclanis	polana Munro,	recently	
introduced	 in	Australia	 (1996)	 to	 control	 an	 invasive	
weed,	Chrysanthemoides monilifera	 (L.)	T.	Norlindh,	
spp	rotundata (Carvalheiro	et al.,	2008).
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