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Abstract
1.	 When	prevention	of	invasive	species’	introductions	fails,	society	faces	the	challenge	to	
manage	invasive	species	in	an	effective	and	efficient	way.	The	success	of	this	depends	
on	 biological	 aspects	 and	 on	 cooperation	 between	 decision	makers	 and	 scientists.	
Using	the	case	of	the	round	goby	Neogobius melanostomus,	one	of	Europe’s	“worst	in-
vasive	species”,	we	propose	an	approach	guiding	scientists	to	co-produce	effective	and	
efficient	population	control	measures	in	collaboration	with	decision	makers.

2.	 We	surveyed	the	effectiveness,	urgency	and	simplicity	perceived	by	decision	mak-
ers	as	well	as	the	support	of	two	population	control	options:	removal	of	eggs	and/
or	adults.	Using	a	field	study	and	a	dynamical	population	model,	we	investigated	
the	effectiveness	and	efficiency	for	both	options	in	different	population	contexts.

3.	 Decision	makers	initially	seemed	to	lack	a	clear	preference	for	either	control	option.	
After	being	presented	with	preliminary	field	and	modelling	results,	decision	makers	
mostly	approved	measures	being	developed	to	implement	the	two	control	options.

4.	 Starting	population	control	early	after	detecting	the	species	requires	in	total	fewer	
years	for	eradication	than	controlling	an	established	population:	to	reach	an	eradi-
cation	success	rate	of	95%,	13	years	for	early	start	vs.	18	years	for	late	start	are	
needed	when	removing	eggs	and	adults;	when	removing	adults	only,	20	vs.	29	years	
are	needed.	Removing	eggs	and	adults	combined	results	in	a	yearly	effort	of	5.01	
h/m2,	while	removing	adults	only	results	in	a	yearly	effort	of	1.76	h/m2.	Thus,	re-
moving	adults	only	proves	to	be	the	most	efficient	option	to	eradicate	the	popula-
tion.	Nonetheless,	considerable	effort	is	needed:	when	removing	less	than	57%	of	
the	adult	population,	eradication	 is	not	 feasible,	even	assuming	 low	survival	and	
fecundity	rates	for	the	population.	Furthermore,	inflow	of	new	propagules	renders	
eradication	efforts	ineffective.

5. Synthesis and applications.	Scientists	who	aim	to	support	decision	makers	in	finding	
an	optimal	control	strategy	for	invasive	species	need	to	be	able	to	provide	scientific	
knowledge	on	effectiveness	 and	efficiency	of	different	options.	 For	 round	goby	
and	most	non-native	species,	eradication	is	only	feasible	if	started	early	in	recently	
arrived	populations	and	if	inflow	of	new	propagules	can	be	prevented.
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1  | INTRODUCTION

The	 gold	 standard	 in	 coping	with	 non-	native	 invasive	 species	 is	 to	
prevent	 their	 introduction	 (Leung	 et	al.,	 2002;	 Secretariat	 of	 the	
Convention	on	Biological	Diversity	2005).	When	prevention	fails,	soci-
ety	faces	the	challenge	to	manage	invasive	species	in	an	effective	and	
efficient	way.	Two	 potential	management	 strategies	 are	 eradication	
and	containment.

The	success	rate	of	eradication,	defined	as	“the	complete	and	per-
manent	removal	of	all	wild	populations	of	an	invasive	species	from	a	
defined	area	in	a	time-	limited	campaign”	(Genovesi,	2007),	has	been	
highest	on	islands	(Clout	&	Veitch,	2002;	Jones	et	al.,	2016)	and	in	con-
fined	 aquatic	 habitats.	 Successful	 aquatic	 examples	 include	 removal	
of	 topmouth	 gudgeon	 Pseudorasbora parva	 with	 the	 piscicide	 rote-
none,	de-	watering	and	disinfection	(Britton,	Brazier,	Davies,	&	Chare,	
2008)	or	removal	of	rusty	crayfish	Orconectes rusticus	with	traps	and	
increased	fish	predation	(Hein,	Vander	Zanden,	&	Magnuson,	2007).	In	
the	absence	of	clear	habitat	boundaries,	eradication	is	often	deemed	
impossible.	In	such	cases,	containment	with	the	goal	to	prohibit	fur-
ther	dispersal	of	the	species	can	be	a	viable	alternative.

Faced	 with	 the	 complexity	 and	 context-	dependencies	 of	 man-
agement	 options,	 decision	 makers	 require	 scientific	 information	 to	
develop	explicit	decision	 frameworks	 (Heger	et	al.,	2013).	Decisions	
on	eradication	or	containment	measures	must	be	based	on	ecological	
aspects	such	as	the	species’	life	history	and	its	susceptibility	to	control,	
and	 also	 on	 practical	 inputs	 such	 as	 cost,	 scope,	 time	 and	 required	
research	 (Edwards	&	Leung,	2009).	They	should	also	consider	 social	
dimensions	(Estévez,	Anderson,	Pizarro,	&	Burgman,	2015).

The	 aim	of	 our	 paper	was	 to	 provide	 an	 approach	 for	 scientists	
interested	 in	decision-	making	processes	on	population	control	strat-
egies	 for	 invasive	 species.	Throughout	 this	paper,	we	use	 the	 terms	
“population	control”	or	“control	strategy”	as	a	surrogate	for	“eradica-
tion	 and/or	 containment	 measures”.	We	 propose	 that	 scientists	 in-
volved	in	such	decision-	making	processes	need	to	be	able	to	provide	
scientific	knowledge	on	the	effectiveness,	 i.e.	 is	the	control	strategy	
suitable	to	accomplish	the	goal,	and	on	the	efficiency,	i.e.	has	the	strat-
egy	the	best	relation	between	effect	and	effort	in	comparison	to	other	
available	options.

To	 illustrate	 this	 approach,	 we	 use	 the	 case	 of	 the	 round	 goby	
Neogobius melanostomus	 (Pallas,	1814)	 (Figure	1a).	This	small	bottom-	
dwelling	 fish	 species	 native	 to	 the	 Ponto-	Caspian	 area	 is	 considered	
to	be	one	of	Europe’s	“worst	100	 invasive	species”	 (DAISIE	2016).	 In	
Switzerland,	 round	goby	were	 first	detected	 in	a	commercial	harbour	
in	 2012	 (Kalchhauser,	 Mutzner,	 Hirsch,	 &	 Burkhardt-	Holm,	 2013)	
(Figure	1b).	Upon	this	detection	of	the	round	goby,	a	transdisciplinary	
research	project	was	instigated,	which	aimed	to	provide	information	on	
the	species’	potential	threats	and	implement	evidence-	based	counter-
measures	against	its	further	spread.	Collaboration	with	decision	makers	
was	facilitated	through	a	series	of	workshops	following	an	introductory	
meeting.	At	 this	kick-	off	meeting,	decision	makers	 raised	concerns	of	
the	 species’	 negative	effects	on	native	ecosystems	 (Hirsch,	N’Guyen,	
Adrian-	Kalchhauser,	&	Burkhardt-	Holm,	2016)	and	identified	population	
control	as	a	research	priority	(see	N’Guyen,	Hirsch,	Adrian-	Kalchhauser,	

&	Burkhardt-	Holm,	2016	for	details	on	the	meeting).	Decision	maker	
involvement	is	a	fundamental	success	factor	of	 invasive	species	man-
agement	(Larson,	2007;	Moon,	Blackman,	&	Brewer,	2015).	Therefore,	
we	commenced	research	into	population	control	options	within	a	trans-
disciplinary	project	cooperating	with	decision	makers.

In	this	paper,	we	provide	a	scientific	basis	 for	round	goby	popu-
lation	control.	We	first	evaluated	feasible	population	control	options	

F IGURE  1 Study	species	and	study	system.	(a)	Round	goby	
Neogobius melanostomus,	one	of	Europe’s	“100	worst	invasive	
species”	(photo	by	Magnus	Thorlacius).	(b)	Study	system	in	the	high	
Rhine	and	its	catchment	area	including	valuable	pre-	alpine	streams	
and	lakes.	Current	invasion	area	(in	orange)	is,	among	other	methods,	
monitored	in	collaboration	with	anglers.	Dams	located	upstream	in	
the	Rhine	(red	line)	currently	limit	round	goby	spread.	(c)	Spawning	
trap	to	remove	eggs.	Both	pots	and	PVC	tubes	are	accepted	as	
spawning	substrate	by	round	goby.	(d)	Baited	minnow	trap	to	remove	
adults	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]

(a)

(b)

(c)
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in	a	field	study	based	on	decision	makers’	input	from	previous	work-
shops:	removal	of	eggs	with	spawning	traps	and	removal	of	adults	with	
minnow	traps	(Figure	1c,d).	Then,	using	a	matrix	population	model,	we	
analysed	the	effectiveness	and	efficiency	of	the	identified	control	op-
tions.	During	this	process,	we	fed	back	preliminary	empirical	and	mod-
elling	results	to	decision	makers.	We	discuss	the	process	of	“crafting	
usable	knowledge”	(Clark,	van	Kerkhoff,	Lebel,	&	Gallopin,	2016)	with	
scientists	and	decision	makers	collaborating	on	an	equal	footing.

2  | MATERIALS AND METHODS

2.1 | Study species: round goby Neogobius 
melanostomus

In	 the	 last	 decades,	 the	 round	goby	was	 introduced	presumably	by	
ballast	 water	 to	 the	 North	 American	 Great	 Lakes	 (Jude,	 Reider,	 &	
Smith,	1992)	and	to	most	European	water	bodies	such	as	the	Baltic	
Sea	(Sapota	&	Skóra,	2005),	Danube	(Stránai	&	Andreji,	2004),	Rhine	
(Borcherding	 et	al.,	 2011)	 and	 multiple	 smaller	 rivers	 and	 lakes.	 It	
builds	 up	 high	 population	 densities,	 out-	competes	 native	 species	
and	changes	 food	web	 structures	 (Kornis,	Mercado-	Silva,	&	Vander	
Zanden,	2012).	Round	goby	adults	 generally	 show	high	 site	 affinity	
(Lynch	&	Mensinger,	2012),	but	downstream-	drift	in	the	larval	stage	is	
common	(Borcherding	et	al.,	2016).	Round	goby	females	spawn	mul-
tiple	batches	 in	nests,	where	males	provide	parental	 care	 (Meunier,	
Yavno,	Ahmed,	&	Corkum,	2009).

Reproductive	output	and	survival	are	crucial	parameters	 in	pop-
ulation	control.	 In	 the	case	of	 the	 round	goby,	adult	 survival	can	be	
lowered	using	minnow	traps	(Diana,	Jonas,	Claramunt,	Fitzsimons,	&	
Marsden,	2006)	and	eggs	can	be	retrieved	by	spawning	traps	(Hirsch,	
Adrian-Kalchhauser,	 et	al.,	 2016).	 Because	 of	 male	 parental	 care,	 a	
potential	differential	control	strategy	with	respect	to	sex	could	alter	
population	dynamics	(Kovtun,	1979).	See	N’Guyen	et	al.	(2017)	for	a	
literature	review	on	round	goby	life-	history	parameters	and	Appendix	
S3	for	details	on	parameter	estimation.

2.2 | Connecting research and practice 
using workshops

To	integrate	this	biological	knowledge	with	the	knowledge	of	stake-
holders	who	make	decisions	according	to	their	 field	experience	and	
policy	prerequisites,	we	asked	17	decision	makers	in	an	initial	work-
shop	(1	year	after	the	kick-	off	meeting)	using	a	written	survey	to	rate	
the	perceived	effectiveness,	urgency	and	simplicity	of	two	population	
control	options:	 removal	of	eggs	and	 removal	of	adults	 (see	Hirsch,	
Adrian-Kalchhauser,	 et	al.,	 2016	 for	 details	 on	 the	 survey	method).	
After	 successfully	 testing	 both	 options	 in	 the	 field	 from	 a	 practical	
point	of	view	and	generating	preliminary	modelling	results,	we	then	
asked	20	decision	makers	 in	 a	 subsequent	workshop	using	 another	
written	 survey	 to	what	extent	 they	approve	measures	being	devel-
oped	 to	 implement	 these	 options	 (see	 Appendix	 S1	 for	 details	 on	
the	method).	Decision	makers	for	both	workshops	were	representa-
tives	from	cantonal	and	federal	administrations,	fishery	associations,	

non-	governmental	 organisations	 or	 private	 companies.	 Because	 of	
e.g.	personnel	turnover,	representatives	of	the	decision	maker	groups	
changed	between	workshops.	 In	 total,	11	decision	makers	 from	the	
initial	workshop	took	part	in	the	subsequent	workshop.

2.3 | Field study to test control options and to 
parameterise the model

Based	 on	 decision	 makers’	 initial	 ratings	 and	 our	 preliminary	 field	
data,	we	conducted	a	detailed	field	study	to	test	the	control	options	
and	to	partially	parameterise	the	population	model.	Life-	history	data	
on	round	goby	were	sampled	 in	 the	High	Rhine,	Switzerland,	 in	 the	
Harbour	 Kleinhueningen	 from	 2012	 to	 2016	 using	 spawning	 traps	
and	minnow	traps	(see	Table	1	for	parameter	values,	Appendices	S2	
and	S3	for	details	on	sampling	methods,	and	N’Guyen	et	al.,	2017	for	
literature	values).	This	field	study	also	allowed	gathering	information	
on	control	effort	(see	Appendix	S4	for	details	on	effort	estimations).

2.4 | Dynamical population model

To	investigate	population	control	options	in	terms	of	effectiveness	and	
efficiency,	we	constructed	a	post-	breeding	two-	sex	stage-	structured	
and	density-	dependent	 population	model.	 The	model’s	 state	 vector	
consists	of	laid	eggs	(at	this	point	all	hatching	with	success;	see	below),	
adult	females	and	adult	males	(Equation	1):

The	3	×	3	matrix	on	the	right-	hand	side	of	Equation	1	is	a	transition	
(survival)	matrix,	where	θ	is	the	primary	proportion	of	females	emerg-
ing	from	eggs,	and	s0 and sa	are	larval	and	adult	survival,	respectively,	
from	year	t	to	year	t	+	1.	The	state	variable	subscripts	refer	to	eggs	(e),	
adult	 females	 (f),	 adult	males	 (m)	 and	adults	 (a),	 the	 latter	being	 the	
sum f + m;	we	present	and	discuss	 the	stage-	specific	 removal	 terms	
pi (i =	eggs,	females	or	males)	in	section	Removal effort	below.	Survival	
rates	are	assumed	 to	be	equal	among	sexes	and	density-	dependent	
(Vélez-	Espino,	Koops,	&	Balshine,	2010).	s0,	sa and g	followed	by	pa-
rentheses	in	Equation	1	indicate	a	function	with	entries	in	bold	as	the	
functions’	arguments.	We	implemented	density	dependence	of	adult	
survival	 using	 an	 exponential	 model:	 sa

(

xa
)

= saexp
(

−γa(xf + xm)
)

. 
Larval	survival	is	defined	similarly,	but	depending	on	xe	and	differing	
in	the	strength	of	density	dependence	γe;	see	Appendix	S3	for	further	
details.

Our	per	capita	fecundity	estimate	F	is	a	weighted	mean	of	all	re-
producing	 female	 age	 classes	 (sections	 Reproduction and Fecundity 
in	 Appendix	 S3).	 Given	 such	 a	 mean,	 we	 introduced	 reproduction	
into	 the	 model	 via	 a	 reproduction	 vector	 (right-	most	 term).	 Since	
we	 implemented	 a	 post-	breeding	 model,	 females	 as	 well	 as	 eggs	
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TABLE  1 Parameter	values	used	for	population	model	and	control	effort.	When	more	than	one	value	is	reported,	entries	in	bold	are	the	
standard	set	used	for	simulations,	unless	otherwise	noted	in	the	text

Symbol Parameter Values Remarks

Survival

s0 Survival	larvae	from	year	t	to	year	t	+	1,	
density-	dependent:	s0(xe)	= s0exp(−γe(xe))

0.0087	(0.0056,	0.0124) Mean	from	Table	1	in	Vélez-	Espino	et	al.	(2010),	confi-
dence	interval	calculated	with	CV	=	0.2	using	beta	
distribution;	mean	used	as	“standard”,	lower	and	upper	
bound	used	for	simulations	shown	in	Figure	5

sa Survival	adults	from	year	t	to	year	t	+	1,	
density-	dependent:	sa(xa) = saexp(−γa(xf + xm)

0.6240	(0.3673,	0.8474) Mean	from	Table	1	in	Vélez-	Espino	et	al.	(2010),	confi-
dence	interval	calculated	with	CV	=	0.2	using	beta	
distribution;	mean	used	as	“standard”,	lower	and	upper	
bound	used	for	simulations	shown	in	Figure	5

– Coefficient	of	variation	survival	larvae	and	
adults

0.2 A	higher	CV	would	be	unrealistic,	because	the	lower	bound	
of	the	confidence	interval	is	already	relatively	low	 
(see	above)

κ Strength	of	within-	nest	density	
dependence

10,000 Value	estimated	so	that	the	function	approximately	
reproduces	the	results	reported	in	Kovtun	(1979)

γe Density	dependence	(DD)	larvae 0.00044024 Carrying	capacity	eggs	per	m2:	weak	DD	20,380,	strong	DD	
7,972

γa Density	dependence	(DD)	adults Weak	DD:	0.0036 
Strong DD: 0.0099

Fitted	curves	from	Figures	2	and	3	in	Vélez-	Espino	et	al.	
(2010),	carrying	capacity	adults	per	m2:	weak	DD	15.2,	
strong	DD	5.1;	our	field	data	better	matched	the	values	
for	strong	DD

Reproduction

θ Primary	sex	ratio	(primary	proportion	of	
female	eggs)

0.5

ϱ Proportion	of	females	participating	in	
reproduction

1.00 Based	on	own	data

F Eggs	per	female	=	per	capita	fecundity	
estimate,	weighted	mean	of	all	female	
age classes reproducing

3,238	(2,673,	4,010) Confidence	interval	calculated	from	fit	log-	normal	
distribution	based	on	own	data;	mean	used	as	“standard”,	
lower	and	upper	bound	used	for	simulations	shown	in	
Figure	5

– Coefficient	of	variation	fecundity 0.092	(0.0857,	0.1009) Confidence	interval	calculated	from	fit	log-	normal	
distribution	based	on	own	data

c Clutch	size	=	max.	eggs	per	nest 4,655 0.75	quantile	of	eggs	in	artificial	nests	based	on	own	data

η Max.	number	of	nests	per	m2 2 Alternatively	tested	values:	0.1,	1,	4	nests	per	m2,	source	
for	general	range	Figure	2	in	Sapota	et	al.	(2014)

αi Proportion	of	eggs	laid,	on	average,	during	
batch	i	for	a	total	of	3	batches

i	=	1,	2,	3 
4/10,	3/10,	3/10

Based	on	own	data

Management (control variables)

εa Catchability	coefficient	adults 0.2356	(0.0926,	0.4812) Maximum	likelihood	estimation	based	on	own	data;	mean	
used	as	“standard”,	lower	and	upper	bound	used	for	
simulations	shown	in	Figure	5

εe Catchability	coefficient	eggs 0.0334 Based	on	own	data;	for	a	combination	of	all	catchability	
coefficients	and	resulting	removal	proportions	see	
Figure	4,	Figures	S7.1	and	S8.1

– Detection	density 0.1	fish	per	m2 Alternatively	tested	values:	0.5,	1	fish	per	m2

– Time	per	trap 0.2 h = 12 min Time	to	control	one	minnow	trap	or	one	spawning	trap	
based	on	own	data

– Max.	effort	eggs 3.25	h/m2	per	control	
period

Total	time	per	m2	per	year	during	control	period	April,	May,	
June,	July,	August,	based	on	own	data

– Max.	effort	adults 1.32	h/m2	per	control	
period

1.76 h/m2 per control 
period

Total	time	per	m2	per	year	during	control	period	February	
and	March	depending	on	the	number	of	traps	per	m2 
(Vélez-	Espino	et	al.,	2010)	based	on	own	data
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potentially	 becoming	 females	 right	 before	 spawning	 season	 first	
have	 to	 survive	 one	winter	 in	 order	 to	 reproduce.	We	 thus	 define	
x
sp

f
= s0

(

xe
)

θxe + sa
(

xa
)

xf,	 where	 superscript	 sp means spawning. 
Since	only	adult	males,	but	not	juvenile	males	influence	the	number	of	
nests,	we	define	xspm = sa

(

xa
)

xm.	We	assume	that	all	nests	are	occupied	
during	spawning	season,	and	we	define	a	total	maximum	number	of	
potential	eggs	to	be	laid	in	nests	per	square	metre	as	N = min

(

η,x
sp

m

)

c 
(section	Nests	in	Appendix	S3).	Reproduction	is	characterised	by	three	
batches	with	proportion	αi	of	eggs	laid,	on	average,	during	batch	i (sec-
tion	Fecundity	in	Appendix	S3).	The	total	number	of	eggs	potentially	to	
be	laid	by	all	females	is	then	E = x

sp

f
ϱF,	where	ϱ	is	the	proportion	of	fe-

males	reproducing.	For	every	batch,	there	might	be	a	sex	ratio	induced	
reduction	 in	 eggs	 laid	 per	 female,	 defined	 as	ϕi = min

(

1,N∕
(

αiE
))

. 
This	means	that,	for	every	batch,	the	number	of	nests	built	and	paren-
tal	care	conducted	by	males	is	a	limiting	reproduction	factor.	Finally,	
due	 to	 reported	 density-	dependent	 within-	nest	 mortality	 (Kovtun,	
1979),	we	defined	ψi = exp

(

−
(

Eαicϕi∕
(

Nκ
))2

)

,	 so	 that	values	near	
one	indicate	low	density-	dependent	mortality.	In	sum,	the	first	entry	in	
the	reproduction	vector	in	Equation	1	for	an	unharvested	population	is	
given by xe

�

t + 1
�

= g (x) = E
∑3

i=1
αiϕiψi.

2.4.1 | Population control options and within-year 
allocation of resources

A	convenient	starting	point	to	investigate	the	effectiveness	of	control	
options	 is	 to	perform	a	 sensitivity	 analysis.	 For	 example,	 one	 could	
be	interested	in	gauging	which	model	parameter,	e.g.	a	management-	
related	model	parameter,	affects	a	population’s	growth	rate	the	most.	
Given	our	density-	dependent	population	model,	we	followed	the	per-
turbation	approach	presented	in	Caswell	(2009),	which	allows	to	cal-
culate	sensitivity	values	of	equilibrium	densities	to	model	parameters	
(see	Appendix	S5	for	details).

Our	model	consists	of	sequential	events	(Appendix	S3)	and	mir-
rors	population	dynamics	on	a	yearly	basis.	Thus,	answering	the	ques-
tion	of	when	during	a	modelled	year	to	remove	specific	stage	classes	
might	 offer	 additional	 advantages	with	 respect	 to	 eradication	 suc-
cess.	This	 is	because	species	have	variable	natural	 (age-	dependent)	
mortality	 rates	 throughout	 the	year.	As	 shown	 in	Appendix	S4,	 re-
moving	 adults	 is	 more	 effective	 after	 density-	dependent	 natural	
mortality	and	before	the	reproductive	season.	A	similar	reasoning	can	
be	used	for	the	youngest	stage	class,	i.e.	eggs.	Here,	however,	we	are	
comparing	the	effect	of	removing	eggs	before	natural	mortality,	i.e.	
after	they	are	laid,	to	removing	almost	1-	year-	old	adults	right	before	
reproduction.	Since	the	removal	of	eggs	and	adults	differ	in	effort,	we	
will	show	the	(dis)advantage	of	removing	eggs	and	adults	graphically	
in	the	Results	section.

2.4.2 | Removal effort

Instead	of	absolute	removal,	i.e.	subtracting	an	absolute	number	of	
eggs	 or	 adults,	we	modelled	 proportional	 removal	 to	 state	 the	 ef-
fort	dependency	more	clearly.	Thus,	pi	 is	 the	proportion	of	 stage	 i 
removed,	and	(1	−	pi)	is	the	proportion	of	stage	i surviving (avoiding 

removal).	To	calculate	the	proportion	of	adults	removed	(given	the	
effort	 applied	 for	our	 study	population;	 section	Effort	 in	Appendix	
S4),	we	used	a	Poisson	catchability	model	to	construct	a	 likelihood	
function	 (Seber,	1982),	and	 inferred	a	95%	confidence	 interval	 (CI)	
for	the	estimated	catchability	coefficient	εa	by	means	of	a	likelihood	
ratio	test.	The	catchability	coefficient	depends,	among	other	factors,	
on	efficiency	of	 fishing	gear.	For	eggs,	 too,	we	assumed	a	Poisson	
catchability	model.	Due	 to	 insufficient	 data,	we	 indirectly	 inferred	
the	proportion	of	eggs	removed	by	relating	our	sample	mean	of	re-
moved	eggs	to	the	expected	number	of	eggs	at	equilibrium,	calcu-
lated	 using	 stochastically	 generated	 population	 trajectories.	 Here,	
too,	we	calculated	a	mean	and	95%	CI	for	the	catchability	coefficient	
εe	(Appendix	S4).

2.4.3 | Evaluating population control success

To	 assess	 population	 control	 success,	 we	 calculated	 (1)	 a	 success	
rate	(proportion	of	stochastically	generated	runs	leading	to	eradica-
tion),	given	a	 fixed	management	period,	 (2)	 the	mean	 time	needed	
to	achieve	eradication	and	(3)	a	proxy	for	total	management	costs,	
in	terms	of	hours	per	square	metre	(h/m2)	and	years	needed	in	situ.	
We	defined	a	population	to	be	eradicated	whenever	female	or	male	
density	reached	10−6	fish	per	m2.	An	influential	variable	is	the	man-
agement	time	span.	We	chose	15	years	based	on	preliminary	simula-
tion	results	because	variation	in	success	rates	can	be	best	shown	for	
this	time	span.

We	 set	 up	 stochastic	 simulations	 to	 calculate	 the	 above-	
mentioned	measures	 as	 follows.	 Survival	 and	 fecundity	 rates	were	
randomly	generated	using	a	beta	probability	distribution	and	a	 log-	
normal	 distribution,	 respectively.	Vital	 rates	were	 “sign-	correlated,”	
e.g.	 a	 good	 year	 for	 fecundity	would	 also	 be	 a	 good	 year	 for	 sur-
vival.	 In	 addition,	we	 calculated	 95%	CI	 for	 survival	 and	 fecundity	
(Appendix	S6).	Furthermore,	we	implemented	removal	as	a	binomial	
process	with	time-	/sex-	/stage-	dependent	densities	and	probabilities.	
We	ran	every	grid-	based	combination	of	adult	 removal	proportions	
300	times.	For	egg	removal,	we	fixed	the	removal	proportion	asso-
ciated	 to	 the	 effort	 used	 for	 the	 study	 population.	 Finally,	 to	 start	
simulations,	we	emulated	either	a	newly	established	population	or	a	
population	at	carrying	capacity	(5.1	fish	per	m2,	Table	1).	For	a	newly	
established	 population,	we	 introduced	 a	 detection	 threshold	 (adult	
density	0.1	 fish	per	m2)	where	population	control	starts;	below	the	
threshold,	managers	would	not	be	aware	of	 the	presence	of	 round	
goby.	 Unless	 otherwise	 noted,	 parameter	 values	 used	 for	 simula-
tions	 are	 the	 “standard	 set”	 in	Table	1	 (when	more	 than	 one	value	
was	tested,	values	in	bold	are	the	standard	set).	See	Appendix	S6	for	
further	implementation	details.

We	 further	 present	 some	 analytically	 derived	 results	 from	 our	
model.	Here,	we	were	interested	in	the	stability	of	the	system’s	equi-
libria	and	in	studying	combinations	of	removal	proportions	that	would	
define	a	removal-	induced	extinction	boundary.	To	this	end,	we	simpli-
fied	our	model	by	assuming	the	proportion	of	females	and	males	re-
moved	are	equal.	Thus,	we	rewrote	our	model	with	two	stages,	namely	
eggs	and	adult	females.	See	Appendix	S7	for	details.
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2.4.4 | Larval flow and adult dispersal

To	analyse	the	effects	of	inflow	and	outflow	on	population	control,	we	
extended	the	model	with	inflowing	and	outflowing	larvae	and	dispers-
ing	adults.	Larval	flow	was	included	by	adding	or	subtracting	a	certain	
number	of	larvae	to	post-	reproductive	densities,	but	before	density-	
dependent	 natural	 mortality	 (section	 Larval in-/outflow	 in	 Appendix	
S9).	Adults	dispersing	from	the	population	were	included	by	assuming	
different	 dispersal	models	 in	 relation	 to	population	density	 (section	
Adult dispersal	in	Appendix	S9).

3  | RESULTS

3.1 | Connecting research and practice—initial 
evaluation of options

During	the	initial	workshop,	decision	makers	seemed	to	lack	a	clear	pref-
erence	for	one	of	the	two	control	options	“removal	of	eggs”	or	“removal	
of	 adults”.	The	perceived	effectiveness,	 urgency	and	 simplicity	of	 re-
moving	adults	or	removing	eggs	before	modelling	results	were	available	
ranged	from	very	high	to	very	low	for	both	control	options	(Figure	2a).

3.2 | Removal of adults and eggs are feasible options 
in the field and in the model

We	removed	3,457	round	goby	adults	with	minnow	traps	and	336,170	
round	goby	eggs	with	spawning	traps	during	the	study	period	(Appendix	
S2).	The	simplified	model	(see	Appendix	S7)	shows	that	various	combi-
nations	of	removal	proportions	of	eggs	and	adults	are	possible	to	cross	

the	 analytically	 derived,	 removal-	induced	extinction	boundary	 (i.e.	 to	
reach	eradication,	Figure	S7.1	in	Appendix	S7).	Note	that	some	removal	
combinations	 (eggs,	 females,	males)	 can	 induce	 irregular	 oscillations.	
However,	these	oscillations	seemed	not	to	 influence	eradication	suc-
cess	(results	not	shown;	see	Appendix	S8	for	details).

3.3 | Re- connecting research and  
practice—re- evaluation of options

After	testing	the	two	control	options	 in	the	field,	we	compiled	field	
data	 (Appendices	 S2–S4)	 and	 preliminary	 modelling	 results.	 These	
preliminary	modelling	results	showed	that	removal	of	eggs	and	adults	
can	lead	to	population	eradication	when	applying	a	certain	effort	(see	
Appendix	S7	for	extinction	boundary).	We	presented	these	results	in	
a	subsequent	workshop	to	decision	makers	and	asked	to	what	extent	
they	 approve	 measures	 being	 developed	 to	 implement	 these	 rec-
ommendations,	 i.e.	 removing	eggs	with	spawning	traps	or	 removing	
adults	with	minnow	traps.	Most	of	the	20	surveyed	decision	makers	
strongly	 approved	 (30%	 for	 removing	 eggs	 and	 60%	 for	 removing	
adults)	or	approved	 (60%	 for	 removing	eggs	and	30%	 for	 removing	
adults)	measures	being	developed	(Figure	2b).

3.4 | Early removal outperforms late removal in 
terms of effort

The	 model	 revealed	 that	 eradication	 success	 crucially	 depends	 on	
when	in	a	population’s	history	population	control	is	initiated.	Starting	
early	after	detecting	the	presence	of	round	goby,	 i.e.	as	soon	as	the	
detection	threshold	of	0.1	fish	per	m2	is	exceeded,	requires	on	average	

F IGURE  2 Evaluation	of	control	options	“removing	eggs	with	spawning	traps”	and	“removing	adults	with	minnow	traps”	by	decision	makers	
before	(a)	and	after	(b)	field	tests	and	preliminary	modelling	results.	(a)	Decision	makers	in	the	initial	workshop	seemed	to	lack	a	clear	preference	
for	one	of	the	two	control	options	concerning	effectiveness,	urgency	and	simplicity	before	being	presented	with	the	field	test	and	preliminary	
modelling	results	(n	=	6	representatives	from	public	and	private	companies,	n	=	4	from	angler	associations	and	NGOs,	n	=	7	from	cantonal	
and	federal	administration).	(b)	Decision	makers	in	the	subsequent	workshop	mostly	approved	measures	being	developed	to	implement	these	
recommendations	after	being	presented	with	preliminary	results	(n	=	3	representatives	from	public	and	private	companies,	n	=	6	from	angler	
associations	and	NGOs,	n	=	11	from	cantonal	and	federal	administration)
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less	 years	 than	 controlling	 an	 established	 population	 (Figure	3).	 For	
example,	to	reach	a	success	rate	of	at	least	95%	when	starting	early	
with	removing	eggs	and	adults,	13	years	are	needed;	when	starting	at	
carrying	capacity,	18	years	are	needed.	Furthermore,	 for	both	 initial	
conditions,	removing	eggs	and	adults	combined	needs	on	average	less	
control	years	compared	to	removing	only	adults.	To	reach	a	success	
rate	of	at	least	95%	when	starting	early	with	removing	adults,	20	years	
are	needed;	when	starting	at	carrying	capacity,	29	years	are	needed.

3.5 | Adult removal outperforms egg removal in 
terms of effort

The	 combined	 removal	 of	 eggs	 and	 adults	 is	 successful	 faster	 than	
removing	either	only	eggs	or	only	adults.	However,	our	perturbation	
analysis	 showed	 that	 equilibrium	densities	 are	more	 sensitive	 to	 re-
moval	of	adults,	especially	 females,	 than	egg	removal	 (Appendix	S5).	
In	 addition,	 removing	 adults	 only	 proved	 to	 be	 the	 best	 eradication	
option	in	terms	of	control	effort.	This	can	be	seen	by	comparing	the	
yearly	effort	associated	with	the	endpoints	of	the	extinction	boundary	
in	Figure	4.	All	combinations	on	the	right	of	the	extinction	boundary	
(white	line)	lead	to	extinction	of	the	population.	The	yearly	effort	per	
square	metre	 to	 remove	eggs	 is	higher	 than	 that	 for	 adults	because	
eggs	are	removed	for	a	longer	period	during	the	season	(April	to	August	
for	eggs	vs.	February	and	March	for	adults)	and	with	a	higher	maximum	
effort	(3.25	h/m2	for	eggs	vs.	1.76	h/m2	for	adults;	see	Appendix	S4).

3.6 | Removal effort must be high even if life- history 
parameters are low

Since	we	found	that	removing	adults	immediately	after	invasion	is	the	
best	option	in	terms	of	total	effort,	we	analysed	the	influence	of	con-
trol	parameters,	 i.e.	catchability	coefficient	and	number	of	traps	per	
square	metre,	and	life-	history	parameters,	i.e.	adult	and	larval	survival	

rates	 and	 fecundity	 rate,	 on	 these	 results	 (see	Table	1	 for	 standard	
values	and	95%	CI).

If	 using	 the	 catchability	 coefficient’s	 lower	 bound,	 i.e.	 removing	
up	to	56%	of	the	adult	population,	 it	 is	not	feasible	to	eradicate	the	

F IGURE  3 Success	rates	for	both	options	show	that	starting	
population	control	when	the	population	is	newly	detected	needs	less	
years	than	starting	when	the	population	is	established.	Success	rate	
is	defined	as	proportion	of	stochastically	generated	runs	leading	to	
eradication,	e.g.	a	success	rate	of	0.95	(horizontal	line)	means	that	
95%	of	all	runs	led	to	eradication

F IGURE  5  If	removing	up	to	56%	of	adults,	eradication	is	
not	successful;	if	removing	between	57%	and	95%,	eradication	
success	depends	on	life-	history	values;	if	removing	more	than	96%,	
eradication	is	always	successful.	Proportion	of	adults	removed	
(numbers	in	bold)	results	from	different	catchability	coefficients	εa 
(0.09,	0.24,	0.48)	and	number	of	traps	per	m2	(0.15,	0.2).	See	Table	1	
for	life-	history	values	(mean,	lower,	and	upper	bound	of	95%	CI)	
[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]

F IGURE  4 Various	combinations	of	removal	proportions	of	eggs	
and	adults	and	associated	yearly	effort	per	square	metre	show	that	
removing	eggs	needs	more	effort	than	removing	adults.	The	white	
line	shows	the	analytically	derived,	removal-	induced	extinction	
boundary	and	the	shaded	area	on	the	left	side	indicates	removal	
combinations	not	leading	to	eradication	[Colour	figure	can	be	viewed	
at	wileyonlinelibrary.com]
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population,	 even	with	 low	 survival	 and	 fecundity	 rates	 (red	 area	 in	
Figure	5).	The	success	of	removing	57%–95%	of	the	population	(mean	
catchability	coefficient)	depends	on	survival	and	fecundity	rates	of	the	
population	 (grey	area).	 If	96%	or	more	of	 the	population	can	be	 re-
moved	(catchability	coefficient’s	upper	bound),	eradication	is	possible	
even	with	high	survival	and	fecundity	rates	(green	area).

3.7 | Removal effort is futile if propagule 
inflow exists

Our	 simulations	 indicate	 that	 inflow	and	outflow	 rates	 have	 an	 im-
portant	effect	on	eradication	success.	 If	 the	population	experiences	

constant	larval	inflow,	e.g.	by	ballast	water,	eradication	is	almost	never	
possible,	even	if	the	inflow	is	very	low.	Analytically,	the	origin	is	not	
an	equilibrium	anymore,	since	a	constant	amount	of	inflow	shifts	the	
lower	equilibrium	away	from	the	origin	(Figure	6).

If	the	population	experiences	constant	larval	outflow,	e.g.	by	drift,	
less	effort	is	needed	for	eradication.	Analytically,	three	equilibria	exist:	
the	origin	(stable),	an	intermediate-		(unstable)	and	a	high-	density	equi-
librium	(stable).	By	increasing	removal	(Figure	6,	y-	axis)	with	constant	
outflow	(fixed	value	on	x-	axis),	the	intermediate	and	high-	density	equi-
libria	coincide	and	annihilate	each	other	(saddle-	node	bifurcation)	and	
the	origin	is	the	only	equilibrium	left.	Adults	dispersing	out	of	the	pop-
ulation,	 in	contrast,	only	 influence	eradication	success	 if	we	assume	
the	biologically	unrealistic	situation	of	constant	density-	independent	
dispersal;	all	other	dispersal	models	do	not	appreciably	influence	erad-
ication	success	(Figure	S9.2	in	Appendix	S9).

If	eradication	is	not	possible,	population	control	may	lead	to	lower	
population	 densities,	 thus	 reducing	 the	 number	 of	 individuals	 that	
successfully	 disperse	 to	 new	 habitats	 (Figure	7,	 for	 densities	 of	 the	
focal	population	related	to	different	control	options	see	Figure	S8.2	
in	Appendix	S8).	Depending	on	the	form	of	density-	dependent	disper-
sal,	 the	distance	that	can	be	overcome	by	at	 least	 two	reproductive	
individuals	 surviving	winter	 to	 potentially	 initiate	 a	 new	 population	
diverges	for	a	given	density	(see	Appendix	S9	for	details).

4  | DISCUSSION

4.1 | Decision maker input into a research agenda

Invasive	species	management	requires	the	collaboration	of	scientists	
and	decision	makers	from	administration	and	civil	society	in	a	transdis-
ciplinary	process.	The	high	level	of	agreement	to	the	two	population	
control	options	reported	in	our	study	could	be	explained	by	decision	
makers’	 prior	 knowledge	 on	 the	 species	 and	 its	 assumed	 negative	
impacts	(Bremner	&	Park,	2007)	as	well	as	by	the	proposed	removal	
methods	(Olszańska,	Solarz,	&	Najberek,	2016).	 In	general,	scientific	
results	 that	 are	 co-	produced	 by	 all	 relevant	 parties	 in	 a	 transdisci-
plinary	 process	 have	 the	 potential	 for	 better	 social	 acceptance	 and	
higher	 compliance	 by	 decision	makers	 (Hirsch	Hadorn	 et	al.,	 2008).	
However,	the	complex	mechanisms	in	which	scientific	results	may	im-
pact	society	on	different	levels	are	out	of	the	scope	of	this	article	(see	
e.g.	Defila	&	Di	Giulio,	2016	for	a	thorough	discussion).

4.2 | Early adult removal is the “best” control option

Our	 model	 showed	 that	 immediately	 removing	 adults	 is	 the	 best	
option	 in	 terms	 of	 total	 effort.	 However,	 still	 considerable	 effort	 is	
needed:	to	reach	a	95%	eradication	success	rate,	the	model	showed	
that	1.76	h/m2	would	need	 to	be	 invested	 in	 situ	every	year	during	
20	years	 (Table	1,	 Figure	3).	 With	 increasing	 size	 of	 the	 controlled	
habitat,	total	time	increases;	in	contrast,	additional	expenses,	such	as	
driving	time	or	costs	for	vehicles,	decrease	per	unit	area.	Minnow	traps	
have	been	suggested	to	be	the	most	cost-	efficient	option	to	remove	
adult	round	goby	in	comparison	to	gill	nets	and	trotlines	(Diana	et	al.,	

F IGURE  7 Distance	(m)	reached	by	at	least	one	female	and	one	
male	after	surviving	winter	depends	on	the	assumptions	on	density-	
dependent	dispersal	and	diverges	for	a	given	density	in	the	controlled	
population.	Assumptions	on	dispersal	include	density-	independent	
constant	dispersal	and	density-	dependent	dispersal	described	by	a	
power	function	and	by	two	intermediate	models	using	a	linear	or	a	
sigmoid	function
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F IGURE  6 Larval	flow,	in	combination	with	the	proportion	of	
females	removed,	qualitatively	affects	the	system’s	dynamics.	The	
bifurcation	analysis	shows	the	effect	of	varying	in-	/outflow	of	larvae	
(x-	axis)	and	the	proportion	of	females	removed	(y-	axis)	on	adult	
female	equilibrium	density	(z-	axis);	these	results	were	generated	
using	the	simplified	model	(Equation	S7.1	in	Appendix	S7).	Results	
for	larval	flow	in	combination	with	egg	and	adult	removal	look	
qualitatively	very	similar
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2006).	The	catch	efficiency	of	traps	could	by	increased	by	e.g.	phero-
mones	(Corkum,	Meunier,	Moscicki,	Zielinski,	&	Scott,	2008),	acoustic	
signals	(Isabella-	Valenzi	&	Higgs,	2016;	Moynan,	Neumann,	&	Welsh,	
2016),	electric	lead	(Johnson	et	al.,	2016)	or	bait	selection,	thus	lower-
ing	control	effort.	For	 labour-	intensive	work,	Simberloff	 (2009)	pro-
posed	to	deploy	volunteers,	schoolchildren,	eco-	tourists	or	convicts.

4.3 | Inflow should be integrated into management 
considerations

Our	model	showed	that	control	effort	is	futile	if	the	population	expe-
riences	propagule	 inflow.	Propagule	pressure,	defined	by	propagule	
size,	 i.e.	 the	 number	 of	 individuals	 arriving	 during	 an	 introduction	
event,	and	propagule	number,	i.e.	the	number	of	introduction	events,	
is	one	of	 the	most	 important	 factors	 for	 the	success	of	an	 invasion	
(Lockwood,	 Cassey,	 &	 Blackburn,	 2005).	 This	 highlights	 the	 impor-
tance	of	preventive	management	and	early	detection	measures,	e.g.	
by	eDNA	(Adrian-	Kalchhauser	&	Burkhardt-	Holm,	2016).

4.4 | Sex- specific removal—a control option?

The	number	of	available	nests	and	the	sex	ratio	are	both	 important	
factors	 affecting	 reproduction	because	of	 round	goby’s	nest	 guard-
ing	 strategy	 (Meunier	 et	al.,	 2009).	 A	 challenging	 issue	 is	 that	 the	
observed	sex	ratio	can	be	biased	by	the	catch	technique	 (Brandner,	
Pander,	 Mueller,	 Cerwenka,	 &	 Geist,	 2013;	 Thompson	 &	 Simon,	
2015)	and	by	invasion	stage.	Because	of	a	lack	of	own	field	data	and	
unclear	 literature	values	(N’Guyen	et	al.,	2017),	 in	our	model	we	as-
sumed	equal	proportions	of	removed	males	and	females	(Figure	S7.1	
in	Appendix	S7).	However,	a	removal-	induced	change	in	sex	ratio	can	
have	important	implications	for	eradication	success	because	it	may	in-
terrupt	reproduction,	e.g.	if	males	are	removed	in	high	numbers	during	
the	reproductive	season.	Potential	technological	advances	such	as	the	
above-	mentioned	pheromone	or	acoustic	traps	may	allow	tailoring	re-
moval	efforts	to	specific	populations	with	specific	sex	ratios.

4.5 | Population model parameter uncertainties

We	 made	 a	 number	 of	 assumptions	 for	 parameterising	 our	 model.	
Where	field	data	were	available,	whenever	possible	we	calculated	con-
fidence	intervals.	Where	field	data	were	not	available,	we	relied	on	liter-
ature	values.	Survival	rates	were	taken	from	a	harbour	in	Lake	Ontario	
(Vélez-	Espino	et	al.,	2010)	because	reported	conditions	are	similar	as	in	
our	case.	In	addition,	this	is	to	our	knowledge	the	only	study	providing	
information	on	not	 only	 adult	 but	 also	 larval	 survival.	 Estimations	 of	
density,	fecundity	and	other	reproduction-	related	parameters	from	our	
field	data	are	in	the	range	of	the	reported	values	(N’Guyen	et	al.,	2017).

4.6 | Application to other systems

The	 round	 goby	 is	 a	 successful	 invader	 across	 very	 different	 eco-
systems,	 including	 brackish	 and	 freshwater	 systems,	 and	 shows	
greatly	varying	life-	history	traits	(Hôrková	&	Kováč,	2014).	Nest	site	

availability	 differs	 between	 ecosystems	 (Sapota,	 Balazy,	 &	 Mirny,	
2014)	and	environmental	heterogeneity	influences	round	goby	abun-
dance	 (Kornis,	Sharma,	&	Vander	Zanden,	2013).	Thus,	 trapping	ef-
ficiency	 most	 likely	 varies	 among	 ecosystems,	 and	 other	 methods	
than	minnow	traps	may	be	more	efficient,	e.g.	electrofishing	in	riprap	
structures	(Brandner	et	al.,	2013).	Additionally,	depending	on	species	
composition	 in	 a	 given	 ecosystem,	 population	 control	 by	 predators	
may	 be	 a	 promising	 alternative	 (Huo	 et	 al.,	 2014;	Madenjian	 et	 al.,	
2011).	 Consequently,	 food	web	 and	whole-	ecosystem	 effects	 need	
to	be	considered	when	removing	an	invasive	species	(Hansen,	Hein,	
et	al.,	2013;	Zavaleta,	Hobbs,	&	Mooney,	2001).	To	make	things	even	
more	complex,	invasive	species	abundance	(Hansen,	Vander	Zanden,	
et	al.,	2013)	and	 their	 impacts	vary	across	habitats	 (Latzka,	Hansen,	
Kornis,	 &	 Vander	 Zanden,	 2016)	 and	 time-	scales	 (Crooks,	 2005).	
These	system-	specific	differences	underscore	the	need	for	basic	eco-
logical	knowledge	combined	with	local	decision	makers’	priorities	to	
create	evidence-	based	control	options.

5  | CONCLUSIONS

In	this	study,	we	aimed	to	fill	an	existing	gap	between	research	and	
implementation	of	 invasive	species	population	control.	Using	an	 im-
minent	 invasion	of	 an	 ecologically	 harmful	 fish	 as	 a	 case	 study,	we	
combined	decision	makers’	valuation	of	control	options	with	scientific	
field	and	modelling	data.	We	found	that	decision	makers	were	initially	
ambiguous	about	the	removal	of	adults	and	eggs	as	control	options.	
To	 contribute	 scientific	 knowledge	 to	 the	 decision-	making	 process,	
we	conducted	an	empirical	field	study	and	constructed	a	population	
model	to	assess	the	effectiveness	and	efficiency	of	these	two	options.	
Preliminary	 results	 fed	back	 to	 decision	makers	 appeared	 to	 create	
comparable	 support	 for	 both	 options.	 More	 detailed	 modelling	 for	
both	options	identified	removal	of	adults	as	the	best	option	in	terms	
of	total	effort.	Still,	enormous	effort	is	needed	to	eradicate	the	popu-
lation.	The	modelling	also	revealed	strong	time	and	context	depend-
encies:	eradication	is	only	feasible	if	started	early	in	recently	arrived	
populations,	and	inflow	of	new	propagules	renders	most	eradication	
efforts	ineffective.

Because	 the	goal	of	any	management	should	be	 to	maximise	 its	
impact	 given	 scarce	 time	 and	 funds,	 round	 goby	 population	 con-
trol	should	only	be	applied	 in	valuable	habitats	where	 inflow	can	be	
stopped.	Valuable	habitats	could	be	water	bodies	that	provide	spawn-
ing	grounds	for	endangered	or	commercially	valuable	native	fish	spe-
cies	such	as	brown	trout	Salmo trutta	or	Atlantic	salmon	Salmo salar 
(Verliin	et	al.	2017).	The	presented	transdisciplinary	approach	is	trans-
ferrable	to	other	regions	and	taxa	and	can	form	the	basis	of	a	decision	
framework	for	the	actual	implementation	of	population	control	along	
the	lines	of	decision	makers’	valuation	and	scientific	advice.
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