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Abstract
Predicting	whether	individuals	will	colonize	a	novel	habitat	is	of	fundamental	ecologi-
cal	interest	and	is	crucial	to	conservation	efforts.	A	consistently	supported	predictor	
of	colonization	success	is	the	number	of	individuals	introduced,	also	called	propagule	
pressure.	 Propagule	 pressure	 increases	 with	 the	 number	 of	 introductions	 and	 the	
number	of	 individuals	per	 introduction	 (the	size	of	 the	 introduction),	but	 it	 is	unre-
solved	which	process	is	a	stronger	driver	of	colonization	success.	Furthermore,	their	
relative	importance	may	depend	upon	the	environment,	with	multiple	introductions	
potentially	enhancing	colonization	of	fluctuating	environments.	To	evaluate	the	rela-
tive	 importance	of	 the	number	and	size	of	 introductions	and	 its	dependence	upon	
environmental	variability,	we	paired	demographic	simulations	with	a	microcosm	ex-
periment.	Using	Tribolium	flour	beetles	as	a	model	system,	we	introduced	a	fixed	num-
ber	of	individuals	into	replicated	novel	habitats	of	stable	or	fluctuating	quality,	varying	
the	number	of	introductions	through	time	and	size	of	each	introduction.	We	evaluated	
establishment	probability	and	the	size	of	extant	populations	through	seven	genera-
tions.	We	found	that	establishment	probability	generally	increased	with	more,	smaller	
introductions,	but	was	not	affected	by	biologically	 realistic	 fluctuations	 in	environ-
mental	quality.	Population	size	was	not	significantly	affected	by	environmental	varia-
bility	 in	 the	 simulations,	 but	populations	 in	 the	microcosms	grew	 larger	 in	 a	 stable	
environment,	especially	with	more	introduction	events.	In	general,	the	microcosm	ex-
periment	yielded	higher	establishment	probability	and	larger	populations	than	the	de-
mographic	 simulations.	We	 suggest	 that	 genetic	 mechanisms	 likely	 underlie	 these	
differences	and	thus	deserve	more	attention	in	efforts	to	parse	propagule	pressure.	
Our	results	highlight	the	importance	of	preventing	further	introductions	of	undesira-
ble	species	to	invaded	sites	and	suggest	conservation	efforts	should	focus	on	increas-
ing	the	number	of	 introductions	or	reintroductions	of	desirable	species	rather	than	
increasing	the	size	of	those	introduction	events	into	harsh	environments.
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1  | INTRODUC TION

Colonization	is	the	ecologically	fundamental	process	of	population	
establishment	 in	an	unoccupied	location,	and	it	underlies	the	past,	
present,	and	future	distributions	of	species.	Colonization	occurs	nat-
urally	but	is	increasingly	prevalent	due	to	anthropogenic	influences	
(Cassey,	Blackburn,	Duncan,	&	Chown,	2005;	Ricciardi,	2007;	Sakai	
et	al.,	 2001).	 Incipient	 populations	 often	 face	 environments	 that	
are	entirely	novel,	which	is	especially	likely	in	the	case	of	anthropo-
genic	colonization	(Cassey	et	al.,	2005;	Ricciardi,	2007).	Regardless	
of	whether	 colonization	 events	 to	 novel	 habitats	 are	 natural	 (e.g.,	
range	expansion)	or	human-	mediated	 (e.g.,	biological	 invasions,	 re-
introductions	of	 rare	 species,	 release	of	biological	 control	 agents),	
their	 successes	or	 failures	have	 significant	 implications	 for	natural	
resource	managers	and	society	(Mack	et	al.,	2000).

Most	 introductions	to	novel	habitats	fail,	and	colonization	suc-
cess	 can	 be	 difficult	 to	 predict	 (Lockwood,	 Cassey,	 &	 Blackburn,	
2005;	 Zenni	&	Nuñez,	 2013).	 Incipient	 populations	 are	 commonly	
small,	 and	 face	 threats	 from	environmental,	demographic,	 and	ge-
netic	stochasticity	(Fauvergue,	Vercken,	Malausa,	&	Hufbauer,	2012;	
Lande,	1988,	1993).	Furthermore,	the	success	of	any	given	popula-
tion	can	be	idiosyncratic	with	respect	to	taxonomy	and	geography	
(Lockwood	 et	al.,	 2005;	 Lodge,	 1993).	 Thus,	 it	 is	 crucial	 to	 under-
stand	more	general	features	of	the	colonization	process	beyond	the	
particular	invading	organism	or	the	particular	invaded	environment	
(Lockwood	et	al.,	2005).	Propagule	pressure	is	one	such	general	fea-
ture	 that	 is	a	consistent	predictor	of	colonization	success	 in	novel	
habitats	 (Colautti,	 Grigorovich,	 &	MacIsaac,	 2006;	 Jeschke,	 2014;	
Lockwood	et	al.,	2005;	Simberloff,	2009).

Propagule	pressure	is	the	total	number	of	potentially	reproduc-
tive	individuals	(e.g.,	adults,	eggs,	seeds,	vegetative	material)	intro-
duced	to	an	area	(Novak,	2007).	 It	 is	often	described	in	this	broad	
sense,	which	 belies	 its	 complexity.	 Two	 important	 components	 of	
propagule	pressure	are	the	number	of	introduction	events—	some-
times	 termed	propagule	number,	 and	 the	 average	number	of	 indi-
viduals	per	 introduction	event—	sometimes	 termed	propagule	 size	
(sensu	Fauvergue	et	al.,	2012).	Here,	we	use	“introduction	regime”	to	
refer	to	different	combinations	of	the	number	of	introduction	events	
and	the	number	of	individuals	introduced	per	event.	The	same	total	
propagule	pressure,	N,	is	realized	by	different	introduction	regimes	
depending	 on	 how	 those	N	 individuals	 are	 distributed	 in	 time	 or	
space	 (Haccou	 &	 Iwasa,	 1996).	 An	 introduction	 regime	 of	N indi-
viduals	 lies	on	a	continuum	bounded	by	maximizing	the	number	of	
individuals	introduced	per	event	(all	N	individuals	introduced	in	one	
event	to	the	same	location)	and	maximizing	the	number	of	introduc-
tion	events	(one	individual	introduced	in	each	of	N	sequential	events	
through	time	or	to	each	of	N	unique	locations).

Colonization	 success	 increases	 with	 total	 propagule	 pressure,	
but	 it	 is	 unclear	whether	 the	 correlation	 is	 driven	 by	 the	 number	
of	 individuals	 introduced	per	event	or	 the	number	of	 introduction	
events	 (Colautti	 et	al.,	 2006;	 Lockwood	 et	al.,	 2005;	 Simberloff,	
2009).	Historical	data	suggest	that	multiple	introductions	can	facil-
itate	population	establishment,	but	conclusions	from	these	studies	

are	 limited	by	 the	 inability	 to	control	 for	 the	 total	number	of	 indi-
viduals	 introduced	 (Blackburn	 &	 Duncan,	 2001;	 Fauvergue	 et	al.,	
2012;	Grevstad,	Coombs,	&	McEvoy,	2011;	Hopper	&	Roush,	1993).	
Models	that	hold	the	total	propagule	pressure	constant	agree	that	
multiple,	 small	 introductions	 distributed	 across	 space	 will	 lead	 to	
greater	establishment	probability	compared	to	a	single,	large	intro-
duction	 when	 Allee	 effects	 are	 weak	 (Grevstad,	 1999;	 Haccou	 &	
Iwasa,	1996;	Schreiber	&	Lloyd-	Smith,	2009).	However,	both	mod-
eling	 and	 empirical	 approaches	 have	 generated	 conflicting	 views	
on	how	an	 introduction	 regime	affects	 colonization	 success	when	
introductions	are	distributed	through	time,	a	situation	in	which	indi-
viduals	from	later	 introductions	 interact	both	demographically	and	
genetically	with	individuals	from	previous	introductions.

There	is	evidence	from	both	models	and	experiments	that	colo-
nization	success	can	increase	with	more,	smaller	introduction	events	
through	time.	Branching	process	models	show	that,	in	the	long	run,	
several	small	introductions	will	be	more	likely	to	successfully	estab-
lish	a	population	than	a	single	 large	 introduction	(Haccou	&	Iwasa,	
1996;	Haccou	&	Vatutin,	 2003).	 This	 finding	was	 corroborated	by	
simulations	with	no	Allee	effects	(Drolet	&	Locke,	2016).	In	a	Daphnia 
microcosm	experiment,	 increasing	 introduction	frequency	 (propor-
tional	to	the	number	of	introductions)	positively	affected	population	
growth,	but	the	number	of	individuals	per	introduction	had	no	de-
tectable	effect	(Drake,	Baggenstos,	&	Lodge,	2005).	Establishment	
probability	was	only	affected	by	total	propagule	pressure	and	did	not	
increase	with	increasing	introduction	frequency	(Drake	et	al.,	2005).	
However,	Drake	et	al.	 (2005)	did	not	continue	scheduled	 introduc-
tions	if	a	population	went	extinct,	denying	those	populations	one	of	
the	main	benefits	of	repeated	introductions	and	creating	variability	
in	 the	total	propagule	pressure.	 In	a	more	recent	experiment,	sev-
eral	small	introductions	through	time	led	to	a	65%	increase	in	abun-
dance	of	successfully	colonizing	invasive	Pacific	Oyster	(Crassostrea 
gigas)	compared	to	a	single	large	introduction	(Hedge,	O’Connor,	&	
Johnston,	2012).

There	 is	also	evidence	from	both	models	and	experiments	that	
colonization	success	can	be	greater	with	fewer	 larger	 introduction	
events	 than	with	multiple	 smaller	 introductions	 through	 time.	 For	
instance,	 in	 simulations	 of	 bird	 invasions	 by	 Cassey,	 Prowse,	 and	
Blackburn	 (2014),	 a	 single	 large	 introduction	 event	 always	 led	 to	
the	 greatest	 establishment	 probability.	 Drolet	 and	 Locke	 (2016)	
highlighted	 a	 key	 role	 of	 positive	 density	 dependence	 in	 favoring	
fewer	 larger	 introductions;	 when	 they	 included	 Allee	 effects	 in	
their	 simulations,	 colonization	 success	 was	 enhanced	 with	 fewer	
larger	introductions—the	reverse	of	their	observed	pattern	without	
Allee	effects.	In	a	field	experiment	with	the	psyllid	biocontrol	agent,	
Arytainilla spartiophila,	 the	 number	 of	 individuals	 per	 introduction	
event	 was	 a	 better	 predictor	 of	 establishment	 success	 than	 the	
number	of	introduction	events	(Memmott,	Craze,	Harman,	Syrett,	&	
Fowler,	2005).	In	this	case,	however,	the	introduction	regimes	with	
the	most	individuals	per	event	also	had	the	highest	total	propagule	
pressure	 (Memmott	et	al.,	2005).	 In	an	experiment	 that	 controlled	
total	propagule	pressure,	a	single,	 large	introduction	of	the	nonna-
tive	mysid,	Hemimysis anomala,	led	to	larger	populations	and	greater	
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survival	 probabilities	 compared	 to	 several,	 small	 introductions	
through	time	(Sinclair	&	Arnott,	2016).

Environmental	 stochasticity	 in	 the	 recipient	 environment	 may	
also	 affect	 which	 introduction	 regime	 is	 optimal	 for	 colonization.	
Branching	process	models	show	that	a	more	variable	environment	
reduces	the	probability	of	population	establishment	for	all	introduc-
tion	regimes	(Haccou	&	Iwasa,	1996;	Haccou	&	Vatutin,	2003),	and	
simulations	of	introductions	distributed	in	space	suggest	that	greater	
environmental	variability	will	magnify	the	benefit	of	multiple	intro-
ductions	 (Grevstad,	 1999).	 However,	 simulations	 of	 introductions	
through	time	by	Cassey	et	al.	(2014)	did	not	support	either	of	these	
outcomes—	a	single,	large	introduction	was	most	likely	to	establish	a	
population	even	with	extreme	levels	of	environmental	stochasticity.

Thus,	modeling	and	empirical	approaches	have	not	resolved	how	
different	introduction	regimes	with	a	fixed	total	propagule	pressure	
will	affect	colonization	success	when	 introductions	are	distributed	
through	time.	Furthermore,	there	has	been	no	experimental	test	of	
whether	variability	 in	the	recipient	environment	 interacts	with	the	
introduction	regime	to	affect	colonization.	We	paired	demographic	
simulations	with	a	 laboratory	microcosm	experiment	using	the	red	
flour	 beetle,	 Tribolium castaneum,	 to	 reconcile	 conflicts	 in	 the	 lit-
erature	 and	 test	 how	 different	 introduction	 regimes	 implemented	
through	time	affect	colonization	success	 in	novel	habitats.	We	ex-
plicitly	manipulated	whether	 the	 novel	 habitat	was	 stable	 or	 ran-
domly	fluctuating	in	quality	to	assess	how	the	success	of	different	
introduction	 regimes	may	depend	upon	variability	 in	 the	 recipient	
environment.	With	the	total	number	of	individuals	introduced	held	
constant	at	20,	we	varied	the	size	and	number	of	introduction	events	
used	to	distribute	those	individuals	in	four	different	introduction	re-
gimes.	We	evaluated	establishment	probability	and	population	size	
over	seven	discrete	generations	to	ask:	(a)	does	colonization	success	
increase	with	more	introduction	events	or	with	more	individuals	per	
introduction	event?,	and	(b)	does	the	effect	of	the	introduction	re-
gime	on	colonization	success	depend	on	whether	the	recipient	novel	
environment	is	stable	or	fluctuating	through	time?

2  | METHODS

2.1 | General framework

In	simulations	and	a	microcosm	experiment,	we	evaluated	the	out-
come	of	introducing	20	total	individuals	to	one	of	two	environmen-
tal	contexts	(a	stable	or	fluctuating	novel	environment),	varying	the	
number	of	 introduction	events	used	to	distribute	those	individuals	
through	time.	This	total	propagule	pressure	was	low	enough	to	allow	
some	 population	 extinction	 within	 an	 observable	 timeframe,	 but	
high	 enough	 to	be	 representative	of	 documented	 introductions	 in	
the	literature	(Berggren,	2001;	Drake	et	al.,	2005;	Grevstad,	1999;	
Simberloff,	1989,	2009;	Taylor,	Jamieson,	&	Armstrong,	2005).	The	
introduction	 regimes	 were:	 20	 individuals	 introduced	 in	 the	 first	
generation,	10	individuals	introduced	in	each	of	the	first	two	genera-
tions,	five	individuals	introduced	in	each	of	the	first	four	generations,	
and	four	individuals	introduced	in	each	of	the	first	five	generations.	

To	create	the	fluctuating	environment,	we	imposed	a	magnitude	of	
variability	 corresponding	 to	 environmental	 stochasticity	 in	 nature,	
which	leads	to	frequent,	mild-	to-	moderate	perturbations	in	popula-
tion	growth	rate	due	to	external	forces	 (Lande,	1993).	Populations	
were	tracked	for	seven	generations	following	the	initial	introduction.

Establishment	probability	and	the	size	of	established	populations	
were	 used	 as	measures	 of	 colonization	 success.	 Populations	were	
deemed	“established”	for	any	time	step	 in	which	they	were	extant	
and	 population	 size	was	 noted	 for	 all	 extant	 populations	 in	 every	
time	step.	Establishment	probability	and	mean	population	size	were	
assessed	 in	 generation	 7.	We	 also	 assessed	 establishment	 proba-
bility	and	population	size	3	generations	after	the	final	introduction	
event	 (i.e.,	 by	 assessing	 establishment	 and	 population	 size	 for	 the	
20	×	1	regime	at	generation	3,	10	×	2	regime	at	generation	4,	4	×	5	
regime	at	generation	6,	and	5	×	4	regime	at	generation	7).	By	evalu-
ating	characteristics	of	these	introduction	scenarios	at	both	an	ab-
solute	time	point	 (e.g.,	generation	7)	and	a	relative	time	point	 (e.g.,	
three	generations	after	final	introduction),	we	can	account	for	how	
different	biological	phenomena	may	be	 important	across	different	
time	frames	of	interest.	For	instance,	assessment	of	colonization	at	
a	 fixed	time	point	may	better	capture	 the	effect	of	environmental	
variation	that	begins	with	the	first	introduction	regardless	of	intro-
duction	regime,	or	it	may	be	more	valuable	in	a	conservation	setting	
when	metrics	of	success	are	the	most	meaningful	after	 implemen-
tation	of	a	management	plan	for	a	set	amount	of	time.	Alternatively,	
an	assessment	of	colonization	after	a	relative	time	point	may	better	
capture	the	 influence	of	stochastic	extinction	or	expression	of	ge-
netic	load,	both	of	which	grow	more	likely	with	each	passing	genera-
tion	beyond	the	final	introduction.

2.2 | Study system

Our	 simulations	 and	 microcosm	 experiment	 use	 Tribolium cas-
taneum	 (red	 flour	beetles)	 to	model	 the	 life	history	of	organisms	
with	 discrete,	 nonoverlapping	 generations	 (e.g.,	 annual	 insects	
and	 fishes)	 following	Melbourne	 and	Hastings	 (2008).	 Individual	
simulated	colonists	were	randomly	sourced	from	a	randomly	mat-
ing,	 infinitely	 large	 population.	 Individual	 experimental	 colonists	
came	 from	 a	 thoroughly	mixed	 source	 population	maintained	 at	
800	 individuals	 in	 each	 of	 the	 four	 temporal	 blocks	 over	 which	
the	experiment	was	replicated.	The	four	source	populations	were	
themselves	 sourced	 from	 the	 “SF”	 laboratory	 colony	which	was	
collected	 in	 the	 wild	 and	 maintained	 at	 thousands	 of	 individu-
als	for	~15	generations	prior	to	use	in	this	experiment	(Hufbauer	
et	al.,	2015).	To	obtain	colonists,	beetles	from	the	source	popula-
tion	were	mixed	freely	on	a	plate,	selected	from	many	sections	of	
the	 plate,	 and	 introduced	 to	 subsets	 of	 the	 experiment	 popula-
tions	in	a	random	order	(about	24	subsets	per	block).	All	migrant	
females	were	assumed	to	arrive	mated	from	the	source	population.	
The	 strong	maternal	 effects	 exhibited	 by	Tribolium	 flour	 beetles	
were	 reduced	 by	 rearing	 individuals	 from	 the	 source	 population	
on	novel	growth	medium	for	one	generation	prior	to	using	them	as	
colonists	(Hufbauer	et	al.,	2015;	Van	Allen	&	Rudolf,	2013).
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2.3 | Simulations

Population	 dynamics	 were	 simulated	 with	 a	 Negative	 Binomial-	
Binomial	 gamma	 (NBBg)	model,	which	mechanistically	 describes	
change	 in	population	size	 in	each	discrete	generation	as	a	birth-	
death	process	with	cannibalism-	induced	density	dependence	and	
four	 distinct	 forms	of	 stochasticity:	 environmental	 stochasticity,	
skewed	 sex	 ratio,	 demographic	 heterogeneity,	 and	 demographic	
stochasticity	(Melbourne	&	Hastings,	2008).	For	each	combination	
of	 the	 two	 introduction	 regimes	 and	 two	 recipient	 environment	
types	 (described	 in	 “General	 Framework”	 above),	 we	 simulated	
500,000	 replicate	populations	 for	 seven	generations.	 The	NBBg	
model	 captures	 the	 stochastic	 and	 deterministic	 ecological	 dy-
namics	of	 the	Tribolium	 system	well,	but	does	not	 include	evolu-
tionary	processes	 (Hufbauer	et	al.,	2015;	Melbourne	&	Hastings,	
2008).

The	 core	of	 the	NBBg	model	 is	 a	Ricker	 function	 (Equation	1),	
where	 the	mean	 size	 of	 population	 i	 at	 time	 t	+	1	 is	 a	 function	 of	
Fmated(t,i)	 (the	number	of	mated	females	 in	population	 i	at	 time	t),	p 
(the	probability	of	an	individual	being	female,	0.5),	Rt,i	(the	density-	
independent	population	growth	rate	for	population	i	at	time	t),	α	(the	
egg	cannibalism	rate),	and	Nt,i	(the	total	size	of	population	i	at	time	t 
representing	the	sum	of	the	residents	and	the	migrants).	

The	expected	equilibrium	population	size	for	the	Ricker	model,	
when Nt+1	is	expected	to	be	equal	to	Nt,	is:	

Environmental	 stochasticity	 is	 treated	 as	 variability	 in	 the	 po-
tential	 density-	independent	 population	 growth	 rate	 arising	 from	
different	 unmeasured	 environmental	 conditions,	 and	 we	 model	 it	
(Equation	3)	by	drawing	the	density-	independent	population	growth	
rate	for	population	i	at	time	t	from	a	gamma	distribution	with	a	mean	
of	R0	 (the	density-	independent	population	growth	 rate	 for	 the	av-
erage	environment)	and	shape	parameter	kE	(where	a	smaller	value	
indicates	greater	environmental	stochasticity).	

Stochasticity	arising	from	a	skewed	sex	ratio	(Equation	4)	is	mod-
eled	by	drawing	the	number	of	resident	and	migrant	females	in	the	
population	 from	binomial	distributions	with	a	 size	of	Nmigrants(t,i) or 
Nresidents(t,i)	(the	total	number	of	migrants	to	or	residents	of	popula-
tion i	at	time	t)	and	a	probability	of	p	(the	probability	of	an	individual	
being	a	female).	

Demographic	heterogeneity	is	treated	as	variation	in	the	expec-
tation	of	the	number	of	individuals	in	the	next	generation	due	to	in-
herent	differences	in	the	egg-	laying	capacity	of	mated	females	(e.g.,	
different	sized	females	may	lay	different	average	numbers	of	eggs).	
We	model	demographic	heterogeneity	(Equation	5)	by	drawing	the	
expectation	of	population	size	for	population	 i	at	time	t +	1	from	a	
gamma	 distribution	with	 a	mean	 of	μt+1,i	 (the	 expected	mean	 size	
of	population	i	at	time	t	+	1	derived	from	the	Ricker	function	which	
only	incorporates	environmental	stochasticity	and	skewed	sex	ratio)	
and	a	shape	parameter	kD*Fmated(t,i)	 (where	a	smaller	value	of	kD in-
dicates	greater	demographic	heterogeneity,	and	the	dependence	of	
the	shape	parameter	on	Fmated(t,i)	indicates	greater	demographic	het-
erogeneity	with	fewer	mated	females	at	time	t).

We	 model	 variation	 arising	 from	 demographic	 stochasticity	
(Equation	6)	by	drawing	the	number	of	individuals	in	population	i at 
time	t	+	1	from	a	Poisson	distribution	using	the	expectation	of	the	
population	size	at	time	t	+	1	derived	from	Equation	5.	Equations	5	
and	 6	 represent	 a	 gamma	 mixture	 of	 Poissons,	 and	 so	 we	 sim-
plify	them	to	a	negative	binomial	distribution	 (Equation	7)	with	a	
mean	 of	 μt+1,i	 (derived	 from	 Equation	1)	 and	 a	 size	 parameter	 of	
kD*Fmated(t,i). 

 

We	assumed	that	 females	from	the	external	source	population	
arrived	premated,	so	we	imposed	a	mating	function	(Equation	8)	with	
two	implications:	(a)	a	population	would	deterministically	go	extinct	
if	it	comprised	only	nonmigrant	females,	and	(b)	in	cases	with	an	all-	
female	population	and	a	mixture	of	residents	and	migrants,	we	only	
included	the	number	of	migrant	 females	 in	 the	density-	dependent	
effect	of	the	demographic	heterogeneity	term	kD*Fmated(t,i).	This	ef-
fect	manifests	via	the	number	of	eggs	laid	by	females	and	only	mi-
grant	females,	being	premated,	would	lay	eggs.	

To	estimate	the	key	parameters	for	the	simulation	model	(α, R0, 
kE,	and	kD),	we	censused	125	Tribolium	populations	one	generation	
after	establishing	them	at	various,	known	densities	(between	5	and	
200	individuals)	on	the	novel	growth	medium	following	the	rearing	
procedure	 described	 in	 “Microcosm	Experiment”	 below.	We	 com-
bined	 Equations	1,	 3,	 4,	 7,	 and	 8	 into	 a	 single	 hierarchical	 model	
with	weakly	 regularizing	gamma	priors	 taken	 from	Melbourne	and	
Hastings	(2008)	(Equation	9)	and	fit	the	model	to	the	population	size	
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data	from	the	125	populations	in	a	Bayesian	framework	to	generate	
posterior	distributions	for	each	of	the	parameters.	

We	fit	the	model	using	the	nimble	package	in	R	(de	Valpine	et	al.,	
2016)	using	a	Metropolis-	Hastings	random	walk	sampler	with	three	
chains	having	50,000	samples	each	(including	10,000	samples	that	
were	removed	for	burn	in).	The	chains	converged	(multivariate	 ̂R	for	
the	four	key	parameters	=1.01)	and	produced	a	sufficient	number	of	
effective	samples	(R0:	757,	α:	548,	kE:	4103,	kD:	1703).	All	simulations	
using	the	posterior	distributions	of	the	parameters	were	performed	
in	R	(R	Core	Team	2017).

We	used	the	posterior	distribution	of	 the	estimated	environ-
mental	stochasticity	parameter,	kE,	for	simulations	in	a	stable	en-
vironment	because	 the	125	populations	were	 reared	on	a	 single	
novel	growth	medium	mixture	(mixture	5,	Supporting	information	
Table	S1).	We	parameterized	a	fluctuating	environment	simulation	
by	 increasing	 the	standard	deviation	of	 the	density-	independent	
per	capita	population	growth	rate	by	10%	compared	to	the	stable	
environment	 for	 any	 given	 population	 at	 any	 given	 time	 step,	 a	
similar	magnitude	of	variation	as	imposed	by	Cassey	et	al.	 (2014)	
(see	Supporting	 information	Methods	S1).	We	used	 random	sets	
of	 parameter	 values	 drawn	 from	 the	 samples	 of	 the	 posterior	
distributions	 of	 the	 key	 parameters	 to	 simulate	 the	 size	 of	 each	
population	at	time	t	+	1	given	the	size	of	that	population	at	time	
t.	By	randomly	drawing	sets	of	values	from	the	model-	estimated	
posterior	distributions	of	parameters,	we	were	able	to	propagate	
uncertainty	in	the	model	estimates	of	the	parameters	through	the	
simulations	and	combine	 it	with	the	deterministic	and	stochastic	
dynamics	represented	by	the	model	itself.

2.4 | Microcosm experiment

We	founded	842	Tribolium	populations	with	different	 introduction	
regimes	(20	individuals	in	the	first	generation,	10	individuals	in	the	
first	two	generations,	five	individuals	in	the	first	four	generations,	or	
four	individuals	in	the	first	five	generations)	and	environments	(sta-
ble	or	 fluctuating)	with	between	96	and	120	replicate	populations	

per	treatment	combination	(Supporting	information	Table	S3).	Each	
population	was	 reared	 in	 a	 4	cm	×	4	cm	×	6	cm	plastic	 box	 (AMAC	
Plastic	 Products)	 with	 two	 tablespoons	 (approximately	 15	g)	 of	
freshly	 prepared	 growth	medium	 that	 had	 been	 humidified	 for	 at	
least	24	hr.	The	growth	medium	used	for	the	source	population	com-
prised	95%	wheat	flour	(Pillsbury	Co.	or	Gold	Medal	Products	Co.)	
and	5%	brewers’	yeast	(Sensient	Flavors).	We	term	this	growth	me-
dium	mixture	the	“natal	medium”	as	it	represents	the	natal	environ-
ment	of	the	colonists.	Colonists	were	introduced	into	a	novel	growth	
medium	comprising	a	small	percentage	of	natal	medium	mixed	with	
corn	 flour	 (Bob’s	 Red	Mill).	 All	 populations	were	 reared	 in	 one	 of	
two	dark	incubators	at	31°	and	approximately	70%	relative	humidity	
(standard	conditions)	and	were	haphazardly	rotated	between	incu-
bators	weekly.

For	 each	 population	 in	 each	 generation,	 a	 known	 number	 of	
adults	laid	eggs	for	24	hr	in	fresh	medium	and	were	then	removed.	
Offspring	were	given	35	days	to	develop,	and	adults	were	then	cen-
sused.	Censused	 adults	 laid	 eggs	on	 freshly	 prepared	 growth	me-
dium	for	24	hr,	completing	their	laboratory	life	cycle.	We	estimated	
the	maximum	observation	error	during	census	to	be	4.6%	(median:	
0%,	mean:	0.26%)	with	no	detectable	difference	across	observers	or	
populations	with	different	sizes.

Each	replicate	population	experienced	a	novel	environment	that	
was	either	 stable	or	 randomly	 fluctuating	 through	 time.	The	same	
novel	growth	medium	mixture	containing	99.05%	novel	 corn	 flour	
and	0.95%	natal	medium	 (mixture	5,	Supporting	 information	Table	
S1)	was	used	for	the	stable	environment	for	the	duration	of	the	ex-
periment,	which	preliminary	results	indicated	would	yield	a	popula-
tion	growth	rate	of	λ	=	1.2	compared	to	a	mean	population	growth	
rate	of	3.36	on	100%	natal	medium.	To	create	 the	 fluctuating	en-
vironment,	we	randomly	selected	a	novel	growth	medium	mixture	
from	one	of	nine	possible	media	mixtures	for	each	population	in	each	
generation.	Each	population	 in	 the	 fluctuating	environment	 there-
fore	experienced	a	unique	series	of	environmental	conditions.	The	
nine	possible	media	mixtures	 represented	a	gradient	of	 corn	 flour	
to	natal	medium	ratios	and	were	designed	to	yield	expected	popu-
lation	growth	rates	between	0.88	and	1.33	(Supporting	information	
Table	S1).	We	chose	this	range	to	mimic	environmental	stochasticity	
measured	in	nature	(Sæther	&	Engen,	2002)	while	remaining	within	
the	 bounds	 of	 biologically	 realistic	 population	 growth	 (λ between 
0.5	and	1.5)	 (Morris	et	al.,	2008).	We	chose	 random	sequences	of	
growth	media	 such	 that	 the	expected	geometric	mean	population	
growth	rate	for	the	population	experiencing	that	sequence	resem-
bled	 expected	 growth	 of	 populations	 in	 the	 stable	 environment	
(λexpected	=	1.2	±	0.05).

We	estimated	the	amount	of	environmental	stochasticity	that	
we	 achieved	 in	 the	 fluctuating	 environment	 as	 the	difference	 in	
mean	 total	 stochasticity	 between	 populations	 in	 the	 fluctuating	
and	 stable	 environments	 (Sæther	 &	 Engen,	 2002).	We	 assumed	
that	 total	 stochasticity	 was	 a	 combination	 of	 demographic	 and	
environmental	 stochasticity	 for	 populations	 in	 the	 fluctuating	
environment,	 and	 that	 demographic	 stochasticity	 was	 the	 sole	
contributor	 to	 total	 stochasticity	 for	 populations	 in	 the	 stable	
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environment.	Total	 stochasticity	 (demographic	plus	environmen-
tal)	of	each	population	that	did	not	experience	extinction	(n	=	667)	
was	calculated	as	the	variance	of	the	natural	logarithms	of	its	pop-
ulation	growth	rates	through	seven	generations	following	Sæther	
and	Engen	(2002):	

	 where,	 for	 a	 particular	 population,	 stotal	 is	 its	 total	 stochasticity,	
sdemographic	 is	 its	 demographic	 stochasticity,	 senvironmental is its en-
vironmental	 stochasticity	 (assumed	 to	 be	 0	 for	 populations	 in	 the	
stable	environment),	and	λt	is	its	per	capita	population	growth	rate	
between generation t−1	 and	 generation	 t	 (t =	1,	 2,	…,	 7).	We	only	
calculated	total	stochasticity	for	populations	that	did	not	experience	
any	extinction	in	order	to	capture	the	full	temporal	extent	of	envi-
ronmental	 fluctuations	and	because	extinctions	would	have	an	 in-
finite	effect	on	this	measure	of	stochasticity.

2.5 | Statistical analyses

We	evaluated	how	our	environment	treatment	affected	variability	
in	 population	 growth	 rate	 (total	 stochasticity	 from	 Equation	10)	
using	 a	 linear	 mixed	 effects	 model	 with	 environment	 (stable	 or	
fluctuating)	 as	 a	 fixed	 effect	 and	 block	 as	 a	 random	 intercept	
effect.

We	used	a	mixed	effects	 logistic	regression	with	a	 logit	 link	to	
predict	 the	binary	 response	of	establishment,	and	a	mixed	effects	
Poisson	regression	with	a	log	link	to	analyze	population	size.	In	both	
models,	 introduction	 regime,	environment	 treatment,	and	 their	 in-
teraction	were	treated	as	fixed	effects,	and	block	was	treated	as	a	
random	intercept	effect.

We	assessed	the	effect	of	temporary	extinctions	on	the	estab-
lishment	probability	and	mean	population	size	by	fitting	the	gener-
alized	linear	mixed	effects	models	described	above	to	data	from	the	
multiple	introduction	regimes	(i.e.,	not	the	20	×	1	regime)	and	with	
additional	predictor	variables.	To	assess	the	effect	of	the	presence	
of	a	temporary	extinction,	we	 included	an	additional	Boolean	pre-
dictor	for	whether	a	population	went	temporarily	extinct	or	not.	To	
assess	the	effect	of	total	propagule	pressure,	we	used	the	number	of	
beetles	introduced	after	the	latest	temporary	extinction	as	a	predic-
tor	because	only	introductions	after	the	latest	temporary	extinction	
contribute	to	total	propagule	pressure.

Group-	level	significance	of	fixed	effects	was	tested	using	likeli-
hood	ratio	tests	on	nested	models,	and	least-	squares	contrasts	were	
used	to	compare	 levels	of	the	fixed	effects.	All	statistical	analyses	
were	performed	in	R,	version	3.3.2	(R	Core	Team	2017).	Generalized	
linear	mixed	models	were	fit	using	the	lme4	package,	version	1.1-	12	
(Bates,	Machler,	Bolker,	&	Walker,	2015)	and	pairwise	comparisons	
were	made	using	the	lsmeans	package,	version	2.25	(Lenth,	2016).

2.6 | Data availability

The	raw	experiment	data,	simulated	population	trajectories,	R	code	
for	the	simulations,	R	code	fitting	the	NBBg	model,	samples	from	the	

posterior	distributions	of	the	NBBg	parameters,	and	R	code	fitting	
the	mixed	effects	models	are	available	as	a	version	controlled	reposi-
tory	on	Figshare	(https://doi.org/10.6084/m9.figshare.4648865).

2.7 | Note on egg contamination

Laboratory	procedures	after	generation	3	resulted	in	occasional	egg	
contamination	between	replicate	populations	of	the	same	introduc-
tion	 regime/environmental	 variability	 treatment.	 To	 estimate	 the	
extent	and	magnitude	of	 contamination,	we	examined	 trajectories	
of	 populations	 having	only	 one	 individual	 and	no	 additional	 intro-
duction	 events,	which	 should	 have	 deterministically	 gone	 extinct.	
Of	these	49	populations,	12	did	not	go	extinct	(24.5%)	and	instead	
persisted	at	a	small	 size	 (min	=	1,	max	=	3,	mean	=	1.9).	For	coloni-
zation	success	analyses,	we	manually	edited	population	trajectories	
such	that	they	went	extinct	in	the	generation	after	having	only	one	
individual.

3  | RESULTS

3.1 | Simulations

Summary	statistics	for	the	posterior	distributions	of	the	four	NBBg	
model	 parameters	 are	 given	 in	 Supporting	 information	 Table	 S2.	
Posterior	and	prior	distributions	are	shown	in	Supporting	informa-
tion	Figure	S1.

Our	simulations	showed	 introduction	regimes	with	more	 intro-
duction	 events	 were	more	 likely	 to	 establish	 a	 population	 by	 the	
seventh	 generation	 (Figure	1).	 Introduction	 regimes	 with	 fewer	
introduction	 events	 were	 more	 likely	 to	 establish	 populations	 by	
three	generations	 after	 the	 final	 introduction	event.	 Simulated	 in-
troductions	into	a	stochastically	fluctuating	environment	resulted	in	
slightly	lower	population	establishment	for	all	introduction	regimes	
(difference	 of	 ~1%),	 but	 did	 not	 favor	 any	 particular	 regime	 (not	
shown).	 The	mean	 population	 sizes	 for	 each	 introduction	 regime/
environment	combination	were	approximately	equal	in	simulations.	
Mean	population	sizes	only	incorporated	extant	populations,	so	they	
were	slightly	larger	than	the	expectation	for	the	equilibrium	popula-
tion	size	(Figure	2).

3.2 | Microcosm experiment

Mean	 environmental	 stochasticity	 of	 populations	 in	 the	 fluctuat-
ing	environment	was	0.052	(95%	CI	=	0.0073	to	0.0966;	p	=	0.023).	
This	value	is	near	the	median	value	of	0.055	measured	in	nature	by	
Sæther	and	Engen	(2002)	in	a	meta-	analysis	of	35	avian	populations,	
indicating	that	we	achieved	biologically	realistic	fluctuations	in	pop-
ulation	growth	rate.

We	found	no	evidence	that	the	probability	of	establishment	
was	affected	by	a	main	effect	of	environment	(χ2	=	0.72,	df	=	1,	
p	=	0.40	for	generation	7	assessment;	χ2	=	0.25,	df	=	1,	p	=	0.62	
for	 assessment	 three	 generations	 after	 final	 introduction),	
nor	 by	 an	 interaction	 between	 environment	 and	 introduction	

(10)stotal = sdemographic + senvironmental = var( log (λt))

https://doi.org/10.6084/m9.figshare.4648865
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regime	 when	 establishment	 was	 assessed	 at	 generation	 7	
(χ2	=	3.49,	df	=	3,	p	=	0.32).	We	detected	a	significant	effect	of	
an	 introduction	 regime/environment	 interaction	 when	 assess-
ing	 establishment	 probability	 three	 generations	 after	 the	 final	
introduction	 event	 (χ2	=	16.61,	 df	=	3,	 p	=	0.0008).	 There	 was	
strong	 support	 for	 an	 effect	 of	 introduction	 regime	 on	 estab-
lishment	 probability	 (χ2	=	59.76,	df	=	3,	p	<	0.0001	 for	 genera-
tion	7	assessment;	χ2	=	17.52,	df	=	3,	p	=	0.0006	for	assessment	
three	 generations	 after	 final	 introduction).	 Pairwise	 compari-
sons	of	the	different	introduction	regimes	averaged	across	the	

environment	treatments	revealed	that	the	4	×	5	regime	was	the	
most	likely	to	establish	populations	by	generation	7,	with	a	prob-
ability	 of	 about	 0.98,	 whereas	 the	 20	×	1	 and	 10	×	2	 regimes	
were	the	least	likely	to	establish	populations,	with	a	probability	
reduced	 to	 about	 0.8	 (Figure	1	 left	 panel,	 Figure	3).	 A	 similar	
pattern	emerged	for	establishment	three	generations	after	the	
final	 introduction,	with	 the	4	×	5	 regime	being	 the	most	 likely	
to	 establish	 a	 population	 with	 a	 probability	 of	 99%	 (although	
not	 statistically	 distinguishable	 from	 the	 20	×	1	 or	 5	×	4	 re-
gimes)	and	the	10	×	2	regime	being	the	 least	 likely	to	establish	

F IGURE  1 Establishment	probabilities	assessed	seven	generations	after	the	first	introduction	event	(left panel)	and	three	generations	
after	the	final	introduction	event	(right panel)	for	each	introduction	regime.	Because	different	introduction	regimes	took	different	numbers	
of	generations	to	complete,	assessments	made	three	generations	after	the	final	introduction	event	were	made	in	different	absolute	
experimental	generations	(i.e.,	20	×	1	assessment	made	at	generation	3,	10	×	2	assessment	made	at	generation	4,	4	×	5	assessment	made	at	
generation	6,	and	5	×	4	assessment	made	at	generation	7).	Triangles	represent	results	from	simulations.	Dot-	whiskers	represent	estimates	
and	95%	confidence	intervals	from	the	mixed	effects	logistic	regression	model	fit	to	data	from	the	microcosm	experiment.	Different	letters	
over	dot-	whiskers	represent	introduction	regime/environment	combinations	with	significantly	different	establishment	probabilities	in	the	
microcosm	experiment
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F IGURE  2 Mean	sizes	of	extant	populations	across	treatments	assessed	seven	generations	after	the	first	introduction	event	(left panel)	
and	three	generations	after	the	final	introduction	event	(right panel)	for	each	introduction	regime.	Because	different	introduction	regimes	
took	different	numbers	of	generations	to	complete,	assessments	made	three	generations	after	the	final	introduction	event	were	made	
in	different	absolute	experimental	generations	(i.e.,	20	×	1	assessment	made	at	generation	3,	10	×	2	assessment	made	at	generation	4,	
4	×	5	assessment	made	at	generation	6,	and	5	×	4	assessment	made	at	generation	7).	Triangles	represent	results	from	simulations.	Dot-	
whiskers	represent	estimates	and	95%	confidence	intervals	from	the	mixed	effects	Poisson	regression	model	fit	to	data	from	the	microcosm	
experiment.	Different	letters	over	dot-	whiskers	represent	introduction	regimes	with	significantly	different	mean	population	sizes.	The	
dashed	line	represents	the	theoretical	equilibrium	population	size	derived	using	Equation	2,	which	includes	extinction	and	is	therefore	lower	
than	the	mean	population	size	from	the	simulations
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a	population	with	a	probability	 reduced	 to	92%	 (Figure	1	 right	
panel).

The	sizes	of	populations	at	generation	7	and	3	generations	after	
their	final	introduction	event	were	shaped	by	significant	effects	of	
introduction	 regime	 (χ2	=	91.65,	 df	=	3,	 p	<	0.0001	 for	 population	
size	at	generation	7;	χ2	=	134.83,	df	=	3,	p	<	0.0001	for	population	
size	3	generations	after	final	 introduction),	environment	treatment	
(χ2	=	117.83,	 df	=	3,	 p	<	0.0001	 for	 population	 size	 at	 generation	

7; χ2	=	33.18,	 df	=	3,	 p	<	0.0001	 for	 population	 size	 3	 generations	
after	 final	 introduction),	 and	 their	 interaction	 (χ2	=	44.62,	 df	=	3,	
p	<	0.0001	 for	population	 size	at	generation	7;	χ2	=	4194.8,	df	=	3,	
p	<	0.0001	for	population	size	3	generations	after	final	introduction).	
For	assessments	made	at	generation	7	and	3	generations	after	the	
final	introduction	event,	populations	established	via	more	introduc-
tion	 events	were	 generally	 larger	when	 averaged	 across	 the	 envi-
ronment	treatments.	Extant	populations	in	the	stable	environment	
were	 larger	 than	 those	 in	 the	 fluctuating	environment	when	aver-
aged	across	the	introduction	regimes.	The	interaction	manifests	as	
the	benefit	of	a	stable	environment	increases	with	more,	smaller	in-
troduction	events	(Figures	2	and	4).

Extinctions	 accumulated	 regularly	 throughout	 the	 experiment	
period,	with	101	of	842	populations	 (12.0%)	going	extinct	by	gen-
eration	7	(Figure	3).	The	additional	introductions	that	some	popula-
tions	received	often	restored	a	population	that	had	temporarily	gone	
extinct.	Of	602	populations	that	received	more	than	one	introduc-
tion	 (i.e.,	not	 the	20	×	1	 introduction	regime),	104	of	 them	 (17.3%)	
temporarily	went	extinct	at	least	once	before	being	replenished	by	
additional	colonizing	 individuals.	Twelve	populations	were	rescued	
in	 this	way	at	 least	 twice,	 and	one	population	was	 rescued	 in	 this	
way	three	times.

Temporary	 extinctions	 significantly	 affected	 colonization	 suc-
cess.	The	presence	of	a	temporary	extinction	significantly	reduced	
average	 establishment	 probability	 by	 generation	 7	 from	 92.4%	 to	
82.1%	 (difference	=	−1.13	on	 logit	 scale,	 95%	CI	=	−0.22	 to	 −2.04,	
χ2	=	5.44,	df	=	1,	p	=	0.020)	and	mean	population	size	from	47.8	to	
45.4	 (difference	=	−0.052	 on	 log	 scale,	 95%	 CI	=	−0.02	 to	 −0.09,	
χ2	=	9.42,	df	=	1,	p	=	0.0021).	Each	additional	colonist	contributing	to	
a	population	after	 the	 latest	 temporary	extinction	 significantly	 in-
creased	the	mean	population	size	(estimate	=	0.005	on	the	log	scale,	
95%	CI	=	6.4e-	05	to	0.01,	χ2	=	3.94,	df	=	1,	p	=	0.047).

F IGURE  3 Percent	of	microcosm	populations	that	were	
established	in	each	generation	for	the	four	different	introduction	
regimes.	Data	are	pooled	across	the	two	environmental	variability	
treatments.	The	introduction	regimes	are	as	follows:	20	×	1	=	20	
individuals	in	the	first	generation,	10	×	2	=	10	individuals	in	each	of	
the	first	two	generations,	5	×	4	=	5	individuals	in	each	of	the	first	
four	generations,	and	4	×	5	=	4	individuals	in	each	of	the	first	five	
generations
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F IGURE  4 Population	trajectories	for	842	populations	of	Tribolium	in	the	microcosm	experiment.	The	first	panel	represents	all	
populations	in	stable	environments	(n	=	418)	and	the	second	panel	represents	all	populations	in	fluctuating	environments	(n	=	424).	Vertical	
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lines	represent	individual	population	trajectories,	and	colored	lines	represent	the	mean	size	of	extant	populations	for	each	of	the	four	
introduction	regimes.	The	introduction	regimes	are	as	follows:	20	×	1	=	20	individuals	in	the	first	generation,	10	×	2	=	10	individuals	in	
each	of	the	first	two	generations,	5	×	4	=	5	individuals	in	each	of	the	first	four	generations,	and	4	×	5	=	4	individuals	in	each	of	the	first	five	
generations.	Shading	around	the	colored	lines	represents	the	mean	size	of	extant	populations	plus	and	minus	one	standard	error
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4  | DISCUSSION

We	 assessed	 how	 the	 number	 and	 size	 of	 introduction	 events	
through	 time	 drive	 colonization	 success	 in	 a	 novel,	 harsh	 envi-
ronment	 when	 the	 total	 number	 of	 individuals	 introduced	 to	 a	
location	 is	 fixed.	We	 considered	 novel	 environments	 that	were	
either	stable	or	randomly	fluctuating	in	quality	through	time	and	
evaluated	 populations	 through	 seven	 discrete	 generations.	 We	
approached	this	question	in	two	ways:	(a)	stochastic	simulations	
of	a	demographic	population	dynamics	model	parameterized	with	
empirical	data,	and	 (b)	a	highly	 replicated	 laboratory	microcosm	
experiment.	By	coupling	these	approaches,	we	were	able	to	test	
the	theoretical	understanding	of	how	the	introduction	regime	af-
fects	colonization	in	stable	and	fluctuating	environments	as	well	
as	develop	new	avenues	for	research	when	results	from	the	two	
approaches	did	not	align.	We	found	that	several	small	 introduc-
tions	 increase	 colonization	 success	 and	 that	 demographic	 pro-
cesses	alone	are	insufficient	to	explain	the	dynamics	observed	in	
the	experiment.

The	rescue	effect	of	multiple	introductions	can	act	demograph-
ically	by	 increasing	 the	size	of	populations	 (Hufbauer	et	al.,	2015).	
Certainly,	 demographic	 rescue	 played	 a	 critical	 role	 for	 the	 104	
populations	 that	 went	 extinct	 temporarily	 until	 another	 introduc-
tion	 event	 revived	 them.	Those	 temporary	 extinctions	 had	 lasting	
effects	 on	 colonization	 success.	Colonization	 success	 declined	 for	
populations	that	experienced	a	temporary	extinction,	and	the	mean	
population	size	significantly	increased	if	more	colonists	contributed	
to	the	population	after	a	temporary	extinction.	These	results	reflect	
the	overarching	 importance	of	total	propagule	pressure	regardless	
of	introduction	regime.

We	found	minimal	to	no	effect	of	a	biologically	realistic	level	of	
environmental	stochasticity	on	establishment	probability	 in	demo-
graphic	 simulations	 at	 any	 assessment	 time	point	 or	 in	 the	micro-
cosm	when	establishment	was	assessed	at	generation	7.	Our	results	
corroborate	 those	of	Cassey	et	al.	 (2014)	who	 simulated	 introduc-
tions	through	time	and	also	found	a	minimal	effect	of	environmen-
tal	 stochasticity	 on	 establishment	 probability.	 Cassey	 et	al.	 (2014)	
further	found	a	minimal	effect	of	random,	infrequent	catastrophes	
and	 bonanzas,	 suggesting	 that	 increasing	 temporal	 environmental	
variability	 in	the	broadest	sense	 (i.e.,	encompassing	environmental	
stochasticity,	 random	 catastrophes,	 and	 bonanzas)	 does	 not	mag-
nify	the	benefit	of	several,	small	introductions	through	time.	A	min-
imal	 role	of	environmental	 stochasticity	contrasts	with	 the	 results	
of	Grevstad	 (1999)	who	 found	with	 simulations	 that	 several,	 small	
introductions	would	produce	an	especially	high	establishment	prob-
ability	compared	to	a	single,	large	introduction	in	a	variable	environ-
ment.	The	difference	in	findings	is	perhaps	due	to	a	difference	in	the	
kinds	of	 introduction	 regimes	modeled:	Grevstad	 (1999)	 simulated	
multiple	introductions	in	space	with	strong	environmental	stochas-
ticity	often	 leading	to	catastrophic	mortality,	while	we	focused	on	
introductions	 separated	 in	 time	 with	 less	 extreme	 environmen-
tal	 stochasticity	 leading	 to	moderate	 fluctuations	 in	 growth	 rates	
(Lande,	1993).

Population	 dynamics	 in	 demographic	 simulations	 were	 likely	 to	
have	been	affected	by	 compensatory	density	dependence.	Tribolium 
beetles	 in	challenging	environments	experience	negative	density	de-
pendence	 arising	 from	 egg	 cannibalism,	 which	 is	 more	 common	 in	
harsh	environments	(Via,	1999).	From	our	NBBg	Ricker	model	fit,	we	
estimated	the	egg	cannibalism	rate,	α,	to	be	relatively	high	compared	
to	previous	estimates	on	the	more	benign	natal	growth	medium	(our	
estimated	mean	α	was	0.0087	while	the	mean	of	our	prior	taken	from	
Melbourne	and	Hastings	(2008)	was	0.0037;	see	Supporting	informa-
tion	Figure	S1).	This	high	cannibalism	rate	was	 incorporated	as	a	key	
dynamic	in	our	simulations	and	may	have	overwhelmed	any	effect	of	
environmental	variability.	Furthermore,	the	strong	negative	density	de-
pendence	in	the	simulations	likely	led	to	the	convergence	of	the	mean	
population	sizes	by	generation	7	and	3	generations	after	final	introduc-
tion	events	across	all	treatments.	A	similar	convergence	in	population	
size	was	not	observed	in	the	microcosm,	but	oscillating	population	sizes	
were	observed	for	all	 treatments	 (Figure	4)	suggesting	some	role	 for	
compensatory	density	dependence	in	the	experiment	as	well.

Density	dependence	 is	 likely	to	 interact	with	 introduction	re-
gime	to	affect	colonization	success.	For	instance,	fewer	larger	in-
troductions	are	more	likely	to	establish	populations	when	positive	
density	 dependence	 is	 present	 (Drolet	&	 Locke,	 2016;	Grevstad,	
1999).	 Wittmann,	 Metzler,	 Gabriel,	 and	 Jeschke	 (2014)	 further	
show	an	effect	of	per	capita	population	growth	in	systems	with	neg-
ative	density	dependence:	when	population	growth	rate	is	consis-
tently	greater	than	one	in	those	systems,	population	establishment	
is	 faster	with	several	 smaller	 introductions,	but	when	population	
growth	rate	is	mixed	(sometimes	greater	than	one	and	sometimes	
less	than	one	depending	on	population	size),	population	establish-
ment	occurs	fastest	with	fewer	larger	introductions.	Strong	nega-
tive	density	dependence	led	to	an	expected	equilibrium	population	
size	 below	 the	 total	 propagule	 pressure	 in	 this	 experiment	 (13.7	
individuals;	Equation	2;	Figure	2).	Thus,	our	simulated	populations	
experienced	 the	 “mixed”	 scenario	 described	 by	 Wittmann	 et	al.	
(2014),	and	predictably	benefitted	from	fewer,	larger	introductions	
when	standardizing	our	assessment	of	establishment	probability	to	
three	generations	after	the	final	introduction	event.

Population	growth	rate	may	also	 interact	with	 introduction	re-
gime	to	affect	colonization	success.	Cassey	et	al.	 (2014)	suggested	
that	their	 lower	simulated	mean	population	growth	rates,	where	R 
was	 between	 1.0	 and	 1.38,	 compared	 to	 that	 of	Grevstad	 (1999),	
where R	was	equal	 to	2.0,	explained	why	 they	 found	 that	a	single	
large	introduction	always	led	to	a	greater	establishment	probability,	
while	Grevstad	(1999)	found	several	small	introductions	to	be	more	
successful.	 However,	 our	 expected	 mean	 population	 growth	 rate	
was	relatively	low	(R = 1.132;	Supporting	information	Table	S2)	and	
we	still	found	that	several	small	introductions	had	the	greatest	colo-
nization	success	at	generation	7	(left	panels	of	Figures	1	and	2).	This	
may	be	partially	explained	by	the	recency	of	the	final	 introduction	
for	populations	in	different	introduction	regimes,	which	affected	the	
number	of	opportunities	for	stochastic	extinction.	When	standard-
izing	the	number	of	introductions	since	the	final	introduction	event	
for	each	introduction	regime,	fewer	larger	introductions	do	increase	



8052  |     KOONTZ eT al.

establishment	 probability	 in	 simulations	 (Figure	1,	 right	 panel).	
However,	even	when	standardizing	the	time	since	final	introduction,	
several	small	introductions	in	the	microcosm	produced	larger	popu-
lations	(Figure	2,	right	panel)	and	a	similar	pattern	of	establishment	
probability	across	introduction	regimes	compared	to	assessment	at	
generation	7	 (compare	 left	and	right	panels	of	Figure	1).	Thus,	our	
experiment	results	contradict	the	notion	that	net	reproductive	rate	
was	the	key	control	on	how	introduction	regime	affected	coloniza-
tion	success,	which	merits	further	investigation.

We	observed	striking	differences	in	the	measures	of	colonization	
success	between	the	microcosm	experiment	and	the	demographic	
simulations.	 We	 found	 that	 establishment	 probability	 increased	
with	the	number	of	introduction	events	in	both	the	experiment	and	
the	simulations	after	seven	generations,	but	that	all	experiment	es-
tablishment	 probabilities	 equaled	 or	 exceeded	 expectations	 from	
simulations.	 In	 the	experiment,	mean	population	size	 in	 stable	en-
vironments	was	greater	than	in	fluctuating	environments,	and	there	
was	an	 interaction	between	environment	and	 introduction	 regime	
whereby	the	mean	population	size	was	increasingly	greater	in	stable	
compared	 to	 fluctuating	environments	as	 the	number	of	 introduc-
tions	increased.	Furthermore,	populations	grew	larger	by	generation	
7	and	3	generations	after	 the	 final	 introduction	 in	 the	experiment	
compared	to	the	simulations.

Differences	between	 the	 results	 of	 the	 simulations	 and	of	 the	
microcosm	 experiment	 suggest	 that	 the	 demographic	 processes	
captured	by	the	model	do	not	account	for	all	of	the	biological	pro-
cesses	that	occurred	in	the	microcosm.	Alternatively,	the	biological	
processes	captured	by	the	independent	experiment	used	to	fit	the	
NBBg	Ricker	model	 (the	 parameters	 of	which	were	 then	 used	 for	
simulations)	may	not	represent	the	dynamics	of	the	propagule	pres-
sure	microcosm	experiment.	Recent	work	shows	that	adaptation	to	
the	novel,	harsh	environment	from	standing	variation	is	possible	in	
this	species	within	a	similar	timeframe	as	our	experiment	(Hufbauer	
et	al.,	 2015;	 Szűcs,	 Vahsen,	 et	al.,	 2017),	 and	 likely	 explains	 the	
greater	establishment	probability	and	population	sizes	in	the	micro-
cosm	compared	to	expectations	derived	from	demographic	simula-
tions	which	do	not	include	adaptation.

The	 rescue	 effect	 of	 multiple	 introductions	 can	 also	 act	 ge-
netically	 by	 increasing	 the	 fitness	 of	 populations	 (Frankham,	
2015;	Hufbauer	 et	al.,	 2015;	Whiteley,	 Fitzpatrick,	 ChrisFunk,	&	
Tallmon,	 2015).	 The	 experimental	 immigrants	 all	 came	 from	 the	
same	source	population,	so	 it	 is	unlikely	that	gene	flow	from	mi-
grants	 united	 previously	 separated	 alleles	 into	 high-	fitness	 gen-
otypes	 (Novak,	 2007).	 Thus,	 a	 more	 likely	 mechanism	 by	 which	
immigration	increased	mean	population	size	beyond	expectations	
was	 by	 relieving	 inbreeding	 depression	 or	 counteracting	 drift-	
induced	 allele	 loss.	 Small	 populations	 are	more	 prone	 to	 experi-
encing	increased	homozygosity	and	inbreeding	depression,	which	
can	 reduce	population	growth	 rates	 and	 increase	extinction	 risk	
(McCauley	&	Wade,	1981;	O’Grady	et	al.,	2006;	Szűcs,	Melbourne,	
Tuff,	Weiss-	Lehman,	 &	Hufbauer,	 2017).	 Even	 small	 amounts	 of	
gene	flow	can	alleviate	these	effects,	so	the	additional	small	intro-
ductions	of	mated	individuals	from	the	external	source	population	

were	well-	suited	to	bring	about	longer-	term	relief	(Hufbauer	et	al.,	
2015;	Slatkin,	1985).	However,	Cassey	et	al.	(2014)	found	that	sim-
ulated	 inbreeding	depression	was	especially	detrimental	 for	sev-
eral,	 small	 introductions	 through	 time,	 so	 other	mechanisms	 are	
likely	at	play.

One	such	mechanism	may	be	adaptation	of	the	incipient	pop-
ulation,	which	is	affected	by	sustained	immigration.	Introductions	
to	a	harsh,	novel	habitat	can	result	in	adaptive	evolution	with	the	
right	amount	of	gene	flow	if	additional	immigrants	to	a	declining	
population	prevent	extinction	long	enough	to	allow	for	adaptation	
to	occur	(Holt	&	Gomulkiewicz,	1997).	The	strong	compensatory	
density	dependence	as	a	result	of	egg	cannibalism	may	ultimately	
provide	 a	 pathway	 for	 adaptation,	 as	 cannibalism	 rates	 are	 ge-
netically	 variable	 and	 can	 confer	 individual	 fitness	 advantage	
via	 reduced	 development	 time	 (Via,	 1999).	 However,	 too	 much	
gene	 flow	 can	 lead	 to	 genetic	 swamping	whereby	 the	 homoge-
nizing	effects	of	gene	flow	overpowers	ongoing	local	adaptation	
(Lenormand,	2002).	This	may	have	been	the	case	for	populations	
in	the	10	×	2	introduction	regime,	which	had	the	highest	average	
migration	rate,	lowest	establishment	probability,	and	lowest	mean	
population	size.	Alternatively,	negative	density	dependence	may	
have	reduced	population	fitness	when	migration	rates	were	high,	
reducing	 population	 growth	 rates	 and	 hampering	 the	 spread	 of	
adaptive	 alleles	 (Holt	&	Gomulkiewicz,	 1997).	 Although	 not	 sig-
nificant,	the	lower	establishment	probability	and	mean	population	
size	 in	 the	 10	×	2	 introduction	 regime	warrants	 further	work	 to	
assess	whether	they	exemplify	the	yet-	unseen	scenario	described	
by	Blackburn,	Lockwood,	and	Cassey	(2015)	in	which	maladaptive	
gene	flow	from	multiple	introductions	hampers	population	estab-
lishment	in	a	novel	range.	More	broadly,	further	study	is	necessary	
to	evaluate	how	immigration	affected	adaptation	in	this	system,	if	
at	all	(Boulding	&	Hay,	2001;	Gomulkiewicz	&	Holt,	1995).

5  | CONCLUSION

Our	 experimental	 results	 suggest	 that	 several,	 small	 intro-
ductions	 through	 time	 lead	 to	 greater	 colonization	 success	 in	
a	 novel	 habitat,	 and	 that	 introductions	 into	 a	 stable	 recipient	
environment	lead	to	larger	population	sizes,	but	not	greater	es-
tablishment	probability.	Furthermore,	 introductions	to	a	stable	
recipient	 environment	 are	 especially	 beneficial	 to	 populations	
established	with	more	introduction	events.	These	results	defied	
our	 expectations	 derived	 from	 parallel	 simulations	 of	 a	model	
that	included	demographic	processes	but	not	evolutionary	ones,	
so	we	suspect	a	genetic	mechanism	might	be	at	work.	Genetic	
mechanisms	are	rarely	incorporated	when	simulating	the	effect	
of	 introduction	 regime	 on	 colonization	 (but	 see	 Cassey	 et	al.,	
2014),	and	our	multigeneration	microcosm	is	unique	in	bringing	
evolutionary	processes	to	bear	on	parsing	two	key	components	
of	propagule	pressure	in	an	experimental	setting.

For	 invasions,	 our	 results	 highlight	 the	 importance;	 University	
of	 California	 Davis	 Libraries	 Open	 Access	 Fund;	 Colorado	 State	



     |  8053KOONTZ eT al.

University	 Libraries	 Open	 Access	 Research	 and	 Scholarship	 Fund	
of	preventing	 further	 introductions	 to	 the	same	 location,	even	 for	
established	 species.	 For	 conservation	 and	 biological	 control,	 our	
results	 suggest	 that	 emphasis	 should	 be	 placed	 on	 increasing	 the	
number	 of	 introductions	 or	 reintroductions	 to	 a	 location,	 rather	
than	 increasing	 the	 size	of	 those	events	 if	Allee	effects	 are	weak.	
Sustained	introduction	efforts	should	also	bring	about	concomitant	
benefits	in	the	form	of	longer-	term	monitoring,	increased	data	col-
lection,	 and	more	opportunities	 for	 experimentation	 and	 adaptive	
management	(Godefroid	et	al.,	2011;	Lockwood	et	al.,	2005).
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