
J Appl Ecol. 2018;55:2653–2662.	 wileyonlinelibrary.com/journal/jpe	 	 | 	2653© 2018 The Authors. Journal of Applied Ecology 
© 2018 British Ecological Society

 

Received:	6	November	2017  |  Accepted:	22	February	2018
DOI: 10.1111/1365-2664.13152

R E S E A R C H  A R T I C L E

Shooting may aggravate rather than alleviate conflicts between 
migratory geese and agriculture

Silke Bauer1,2  | Simeon Lisovski2  | Ramona J. F. M. Eikelenboom-Kil1,3 |  
Mitra Shariati4 | Bart A. Nolet1,5

1Department	of	Animal	Ecology,	Netherlands	
Institute	of	Ecology	(NIOO-KNAW),	
Wageningen,	The	Netherlands
2Department	of	Bird	Migration,	Swiss	
Ornithological	Institute,	Sempach,	
Switzerland
3Resource	Ecology	Group,	Wageningen	
University,	Wageningen,	The	Netherlands
4Faculty	of	Geo-Information	Science	and	
Earth	Observation	(ITC),	University	of	
Twente,	Enschede,	The	Netherlands
5Theoretical	and	Computational	
Ecology,	IBED,	University	of	Amsterdam,	
Amsterdam,	The	Netherlands

Correspondence
Silke	Bauer
Email:	silke.s.bauer@gmail.com

Funding information
Faunafonds

Handling	Editor:	Des	Thompson

Abstract
1.	 Many	migratory	goose	populations	have	thrived	over	the	past	decades	and	their	
reliance	on	agricultural	resources	has	often	led	to	conflicts.	Control	and	manage-
ment	measures	 are	 sought	 after	 but	 since	migratory	 geese	use	 several	 sites	 in	
their	 annual	 cycle,	 local	 management	 actions	 should	 consider	 their	 potential	
	effects	further	down	the	flyway.

2.	 We	used	 a	 behaviour-based	migration	model	 to	 illustrate	 the	 consequences	 of	
management	actions	involving	hunting,	derogation	shooting	and	scaring	at	single	
or	multiple	 locations	along	 the	 flyway,	 considering	various	mechanisms	of	how	
geese	might	perceive	shooting/hunting.	Furthermore,	as	a	proxy	for	the	agricul-
tural	damage	caused,	we	calculated	the	per	capita	biomass	consumption	between	
scenarios—both	over	time	and	cumulatively.

3.	 We	found	that	hunting,	shooting	and	scaring	can	result	in	a	suite	of	direct	and	in-
direct	 consequences	 on	 migration	 and	 foraging	 behaviour.	 Most	 importantly,	
hunting/shooting	on	a	particular	site	had	implications	not	only	for	the	behaviour	
at	the	actual	site	but	also	for	behaviour	at,	and	use	of,	other	sites.	Furthermore,	
the	specific	consequences	of	shooting/hunting	could	be	counter-intuitive,	that	is,	
aggravate	 rather	 than	alleviate	 agricultural	 damage,	depending	on	where	 along	
the	migration	route	changes	had	taken	place	and	the	mechanisms	through	which	
hunting/shooting	was	assumed	to	affect	geese.

4. Synthesis and applications.	Management	plans	are	being	discussed	or	implemented	
for	several	migratory	goose	populations	and	often	 include	shooting,	hunting	or	
scaring	at	one	or	multiple	locations.	Using	a	behaviour-based	model,	we	assessed	
the	consequences	of	such	local	management	measures	and	found	that	they	can	
indeed	lead	to	a	reduction	of	agricultural	conflicts	locally	but	may	also	aggravate	
the	conflict	or	shift	it	to	other	sites	along	the	flyway.	Thus,	we	recommend	the	use	
of	these	models	to	scrutinize	the	efficiency	of	specific	management	measures	and	
to	assist	 in	identifying	an	international	management	regime	that	minimizes	con-
flicts	on	a	flyway	level	while	still	maintaining	migratory	populations.
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1  | INTRODUC TION

The	 populations	 of	 many	 migratory	 goose	 species	 have	 thrived	
over	 the	past	decades.	They	have	also	become	 increasingly	 reli-
ant	on	agricultural	resources,	particularly	during	the	non-	breeding	
season,	 and	 thus,	 have	 frequently	 raised	 conflicts	 with	 agricul-
ture	 (e.g.,	 Fox,	 Elmberg,	 Tombre,	 &	 Hessel,	 2017;	 Jensen,	Wisz,	
&	 Madsen,	 2008;	 MacMillan	 &	 Leader-	Williams,	 2008;	 Tombre,	
Eythórsson,	Madsen,	Madsen,	&	Piersma,	2013).	For	instance,	the	
agricultural	 damage	 that	 the	 population	 of	 white-	fronted	 geese	
(Anser albifrons)	caused	in	the	Netherlands	has	been	roughly	esti-
mated	to	amount	between	2.5	and	4.5	Million	Euro	per	winter	sea-
son	(in	the	period	2005–2012),	which	is	almost	7	Euro	per	goose	
(Jongejans,	Nolet,	Schekkerman,	Koffijberg,	&	de	Kroon,	2015)—
but,	obviously,	there	is	great	variation	among	regions,	crop-	types	
and	years.

Within	 the	 suite	 of	 potential	 management	 options,	 hunting,	
scaring	 and/or	 derogation	 shooting	 are	 often	 among	 the	 prime	
candidates.	Shooting	and	hunting	were	mainly	employed	to	control	
the	 sizes	 of	 the	 so-	called	 overabundant	 populations—with	 mixed	
success	 though.	 For	 instance,	 lesser	 snow	 goose	 (Anser caerules-
cens)	 escaped	 density-	dependent	 reproduction	 by	 colonizing	 new	
breeding	grounds,	and	by	now,	might	be	too	abundant	to	effectively	
control	 (Koons,	 Rockwell,	 &	 Aubry,	 2014).	 In	 the	 case	 of	 its	 also	

over-	abundant	 sister	 species,	 greater	 snow	 goose	 (Anser caerules-
cens atlantica),	hunting	during	spring	migration	reduced	recruitment	
(Morrissette,	Bêty,	Gauthier,	Reed,	&	Lefebvre,	2010),	and	manage-
ment	measures,	 although	 not	 fully	 successful,	 have	 stabilized	 the	
population	(Lefebvre	et	al.,	2017).

In	addition	to	direct	and	immediate	lethal	effects,	hunting,	shoot-
ing,	and	scaring	may	also	have	indirect,	distant	and	delayed	conse-
quences	as	they	alter	the	migration	and	foraging	behaviour	of	geese	
(Juillet,	 Choquet,	 Gauthier,	 Lefebvre,	 &	 Pradel,	 2012;	 Klaassen,	
Bauer,	 Madsen,	 &	 Possingham,	 2008;	 Klaassen,	 Bauer,	 Madsen,	
&	 Tombre,	 2006;	 Figure	1).	 The	 geese	 probably	 respond	 to	 such	
human-	induced	“artificial”,	or	perceived,	mortality	risks	 in	a	similar	
way	as	they	would	respond	to	natural	predation	risk.	However,	irre-
spective	of	whether	mortality	risks	originate	from	natural	or	human-	
induced	sources,	it	 is	typically	unknown	in	which	way	and	for	how	
long	these	risks	alter	 the	behaviour	of	geese;	 to	what	extent	 local	
actions	elicit	undesired	compensation	behaviours	at	other	sites	and	
thus,	whether	they	ultimately	alleviate,	or	rather	aggravate,	agricul-
tural	damage.	Ultimately,	we	need	to	identify	management	measures	
that	allow	a	trade-	off	between	reducing	agricultural	conflicts	while	
still	 sustaining	 migratory	 wildlife	 populations	 as	 an	 internation-
ally	shared	objective,	for	example,	in	the	Convention	on	Migratory	
Species	 (http://www.cms.int/)	 and	 the	African-	Eurasian	Waterbird	
Agreement	(http://www.unep-aewa.org/).

F IGURE  1 Schematic	overview	of	direct	and	indirect	effects	of	shooting,	scaring	and	disturbances	on	foraging	and	migration	behaviour	
and	ultimately	on	demographic	rates	of	migratory	waterfowl	populations.	Obviously,	hunting	can	directly	reduce	survival	if	birds	are	shot	but	
also	indirectly,	if	it	alters	the	trade-	off	between	foraging	and	vigilance.	More	time	spent	vigilant	reduces	foraging	time	(or	intensity)	and	thus	
also	the	time	required	to	accumulate	body	reserves	for	migration.	Graphical	material	(from	top-	left	to	down-	right):	Barnacle	geese	(Branta 
leucopsis)	foraging	in	the	Netherlands	©	Hugh	Jansman,	abdominal	profiles	of	pink-	footed	geese	(Anser brachyrhynchus)	modified	after	
Madsen	and	Klaassen	(2006),	flying	greylag	geese	(Anser anser)	©	Hugh	Jansman,	barnacle	geese	shot	in	Nenetskii	Okrug,	Russia	©	Bart	
Nolet,	nest	of	white-	fronted	geese
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We	used	a	 theoretical	 approach—a	state-	dependent	optimal	mi-
gration	model—to	 assess	 the	 consequences	 of	 derogation	 shooting,	
hunting	and	scaring	on	the	migration	behaviour	and	demographic	rates	
of	geese,	and	how	these	accumulate	in	agricultural	damage.	We	exem-
plarily	apply	our	model	to	the	Baltic–North	Sea	population	of	white-	
fronted	geese.	This	population	increased	from	10,000	to	50,000	in	the	
1950s	to	1,200,000	around	2010	(Fox	et	al.,	2010;	Mooij,	Faragó,	&	
Kirby,	1999),	 raising	serious	conflicts	with	agriculture,	particularly	 in	
the	Netherlands	where	the	large	majority	of	these	geese	overwinter.	
Consequently,	a	new	goose	management	regime	has	been	set	up	 in	
the	Netherlands,	which	includes	the	creation	of	accommodation	areas	
where	geese	can	forage	undisturbed,	while	in	agricultural	areas	scaring	
(including	shooting)	has	been	allowed	to	chase	geese	away	(Kwak,	Van	
der	Jeugd,	&	Ebbinge,	 2008).	As	 a	 result,	 a	 considerable	proportion	
of	 the	wintering	white-	fronted	geese	 is	again	being	shot	 (e.g.	5%	 in	
2007/08;	Jongejans	et	al.,	2015).	 In	addition	to	derogation	shooting	
in	the	Netherlands,	geese	are	also	hunted	further	along	the	flyway	in	
Russia	with	hunting	bags	estimated	to	be	around	100,000	(Mooij	et	al.,	
1999).	As	the	Netherlands	has	recognized	its	international	responsibil-
ity	in	sustaining	the	population	of	wintering	white-	fronted	geese,	the	
renewed	permission	of	shooting	raised	the	question	in	how	far	this	ob-
jective	would	be	undermined.	Shooting	may	cause	additional	mortality	
to	the	geese	(Menu,	Gauthier,	&	Reed,	2002),	but	it	may	also	change	
migration	and	foraging	behaviour	 (Jonker,	Eichhorn,	van	Langevelde,	
&	 Bauer,	 2010).	We	were	 particularly	 interested	 in	 the	 interplay	 of	
shooting	at	multiple	locations	and	its	efficacy	in	containing	agricultural	
damage	across	the	flyway.

While	shooting	poses	a	real	mortality	risk,	scaring	and	other	sources	
of	human	disturbance	are	usually	not	lethal	but	can	still	be	perceived	as	
life-	threatening	and	lead	to	behavioural	adjustments.	There	is	a	variety	
of	potential	responses	to	the	perceived	threats	of	shooting	and	scaring	
(Figure	1):	For	 instance,	geese	may	 increase	vigilance	at	 the	expense	
of	 foraging	 duration	 or	 intensity,	 and	 thus,	 take	 longer	 before	 they	
accumulate	 the	 body	 reserves	 required	 for	 migration.	 Alternatively,	
geese	might	depart	from	a	site	earlier	with	lower-	than-	required	body	
reserves,	 jeopardizing	 survival	 during	migration	 and/or	 reproductive	
success	(Béchet,	Giroux,	&	Gauthier,	2004).	Geese	might	also	respond	
to	the	perceived	predation	risk	with	escape	behaviours,	mainly	flights,	
which	increase	daily	energy	expenditure	and,	in	turn,	lead	to	compen-
satory	foraging	(Nolet,	Kölzsch,	Elderenbosch,	&	van	Noordwijk,	2016).	
Thus,	 the	agricultural	damage	expected	at	 specific	 sites	depends	on	
whether	 foraging	 is	 intensified	 to	compensate	 for	 the	additional	en-
ergy	expenditure	from	escape	behaviours,	or	reduced	with	increased	
vigilance,	whether	all	or	some	of	the	above	change	the	timing	of	migra-
tion	(departure	from	The	Netherlands	and	staging	times),	the	choice	of	
stopover	sites	and	the	route	taken	(avoidance	of	risky	sites).

2  | MATERIAL S AND METHODS

2.1 | Outline of model essentials

We	 developed	 a	 state-	dependent	 dynamic	 optimization	 model	 to	
calculate	 the	 migratory	 decisions	 that	 maximize	 the	 fitness	 of	 a	

female	white-	fronted	goose.	Here,	we	briefly	outline	 fundamental	
and	relevant	model	characteristics	to	reduce	redundancy	to	earlier	
publications,	using	a	similar	model	(e.g.	Bauer,	Ens,	&	Klaassen,	2010;	
Bauer,	Van	Dinther,	Høgda,	Klaassen,	&	Madsen,	2008;	Weber,	Ens,	
&	Houston,	1998)	but	provide	a	full	model	description	and	param-
eterization	in	Appendix	S1.

The	 model	 covered	 the	 spring	 migration	 of	 a	 female	 goose	 to	
the	breeding	grounds.	The	migration	period	was	divided	 into	whole	
days,	 and	 preparation	 for	 spring	migration	was	 assumed	 to	 start	 in	
the	Netherlands	 from	1	March	onwards.	We	consider	a	 flyway	with	
the	 wintering	 region	 in	 the	 Netherlands	 (NL),	 stop-	over	 regions	 in	
Germany	 (D),	 Poland	 (PL),	 Lithuania/Ukraine	 (Lit/Ukr),	 Estonia/Tver	
(Est/Tver),	Leningrad	Oblast/Karelia/Kostroma	(Kar/Kos),	Arkhangelsk	
Oblast/Komi	(Ark),	Nenetskii	Okrug	(Nen)	and	the	breeding	grounds	in	
Kolguev	 (Figure	1).	These	regions	were	 identified	from	spring	migra-
tion	tracks	of	16	individuals	in	an	earlier	study	(for	details	see	http://
www.blessgans.de	(van	Wijk	et	al.,	2012)),	and	we	amalgamated	indi-
vidual	stop-	over	locations	with	similar	spring	phenology	into	stop-	over	
regions	(see	Appendix	S2).	We	characterized	all	regions	by	their	onset	
of	 spring,	metabolisable	energy	 intake	 (MEI)	 and	predation	 risk	 (see	
Table	S1	in	Appendix	S1).	The	onsets	of	spring	were	determined	from	
the	date	when	spring	temperatures	increased	most	steeply	(van	Wijk	
et	al.,	2012),	but	shifted	these	c.	4	weeks	earlier	throughout	all	sites	
knowing	that	food	was	available	in	the	wintering	grounds	at	the	start-
ing	date	of	the	model.	MEI	depends	on	quality	and	quantity	of	food	
available	but	also	on	foraging	intensity	and	day	length	and	thus,	gen-
erally	increases	northwards	in	spring.	In	modelling	terms,	MEI	values	
indicate	the	highest	possible	fuelling	rates.	As	no	empirical	MEI-	values	
were	available	for	our	(sub-	)population,	we	estimated	them	from	em-
pirical	observations	of	abdominal	profiles	and	their	observed	changes	
at	stop-	over	sites	from	the	Greenland-	breeding	population	of	white-	
fronted	geese	(Fox,	Glahder,	&	Walsh,	2003).

A	model-	bird	was	characterized	by	body	reserves	and	location	at	
a	 particular	 day.	 Body	 reserves,	 x,	 could	vary	 between	0,	when	 the	
bird	reached	a	minimum	body	mass	and	was	assumed	to	die	of	star-
vation	and	xmax	=	100	where	the	maximum	fuel	load	was	reached.	For	
White-	fronted	geese,	minimum	and	maximum	body	mass	are	1.5	and	
2.5	kg,	respectively,	and	given	an	energy	content	of	fuel	of	29,000	J/g	
(Madsen	&	Klaassen,	2006),	the	energy	equivalent	of	xmax	is	29,000	kJ.

Within	each	time-	step,	a	bird	could	choose	between	remaining	
and	foraging	on	its	present	site	or	migrating	to	one	of	the	next	sites.	
Decisions	depended	on	body	stores,	time	of	the	year	and	expected	
conditions	on	present	and	subsequent	sites.	We	calculated	the	opti-
mal,	that	is,	fitness-	maximizing,	decisions,	which	included	trade-	offs	
between	gaining	energy	and	avoiding	predation,	and	also	weighed	
the	 benefits	 (or	 costs)	 of	 being	 closer	 to	 the	 breeding	 grounds	
against	the	benefits	(or	costs)	of	staying	at	the	present	site	(for	de-
tails	on	how	optimal	decisions	are	calculated,	see	Appendix	S1).

2.1.1 | Stay and forage

If	staying	on	the	present	site,	a	bird	requires	energy,	e,	for	maintain-
ing	its	metabolism	and	may	choose	to	forage	with	intensity	u.	If	gain	

http://www.blessgans.de
http://www.blessgans.de
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from	 foraging	 exceeds	 expenditure,	 the	 bird	 increases,	 and	other-
wise	depletes,	its	energy	reserves.	Foraging	intensity	u	(0	≤	u	≤	1)	is	
the	fraction	of	the	maximum	gain	G	at	a	site	that	a	bird	can	deposit	
(provided	x≤xmax).	Since	there	might	be	stochastic	differences	in	in-
dividual	 foraging	 success,	we	modelled	 the	 gain	 rate	 at	 site	 i	 as	 a	
discrete	random	variable	with	outcomes	g1(i),	…gj(i),	…,	gmax(i)	and	the	
probability	of	achieving	a	particular	gain	is	given	by

Stochastic	differences	in	foraging	success	imply	that	a	bird	might	ex-
perience	(series	of)	“bad	luck”	in	foraging,	which	elevate	starvation	
risk	when	reserves	are	insufficient.	Therefore,	accounting	for	such	
stochasticity	will	often	yield	a	higher	“best”	foraging	intensity	(see	
below)	than	under	deterministic	foraging	success.	Consequently,	 if	
a	bird	with	body	reserves	x	forages	with	intensity	u	at	site	i,	its	body	
reserves	 in	 the	next	 time-	step	will	be	x+ugj(i)−e,	with	 the	energy	
expenditure	e	being	1160	kJ/d	(Baveco,	Kuipers,	&	Nolet,	2011).

2.1.2 | Predation risk

Maintaining	fuel	stores	and	foraging	incur	fitness	costs	in	terms	of	
increased	risk	of	predation	or	injury	(Witter	&	Cuthill,	1993).	We	as-
sume	that	the	overall	“predation”	risk	m(x,	u,	i)	depends	on	a	constant	
background	predation	risk,	m0 = 10−4,	but	also	on	the	level	of	body	
reserves	x,	and	on	foraging	intensity	u:

with	 background	 predation	 risk	 m0 = 10−4,	 mass-	dependent	 coef-
ficient	 b1 = 10−3,	 foraging-	intensity-	dependent	 coefficient	 b2 = 10−4 
and a1 and a2	 the	mass-		 and	 foraging-	dependent	exponents,	which	
were	set	to	2	(Madsen,	Frederiksen,	&	Ganter,	2002),	foraging	intensity	
u	and	stochastic	gain	gj(i)	at	site	i.	Although	the	coefficients	are	chosen	
such	that	typically	m(x, u, i)≪1	(see	Figure	S2	in	Appendix	S1),	we	con-
strain	0	≤	m(x,	u,	i)	≤	1,		and	m(x, u, i)=m0(i) for u=0.	Please	note	that	
predation	risk	is	not	fixed	per	se	but,	rather,	used	to	specify	the	costs 
of behaviours	 and	 the	costs of being in a specific state.	 Implicitly,	we	
assume	that	a	higher	foraging	intensity	reduces	vigilance	and	carrying	
body	 stores	 reduces	manoeuvrability	 and/or	 escape	 behaviour,	 and	
that	the	first	has	a	stronger	effect	on	predation	risk	than	the	 latter.	
Birds	can	respond	to	these	risks	by	adjusting	behaviour,	for	example,	
increasing	vigilance	or	keeping	body	stores	at	a	lower	level,	and	thus,	
minimize	mortality.	We	employ	an	optimization	procedure	to	evaluate	
these	costs	and	benefits	 for	 the	animal’s	 current	 state	 (i.e.	 its	body	
reserves	and	 location)	and	 identify	the	trade-	off,	 that	 is,	 the	best	u,	
between	avoiding	starvation	and	predation,	and	gaining	energy.

Alternatively,	 a	 bird	may	decide	 to	migrate	 to	 a	 following	or	 a	
preceding	site	given	its	body	reserves	permit	to	cover	the	distance	
to	the	destination	site.	If	an	individual	decides	to	depart,	it	should	fly	
to	the	site	yielding	the	maximum	expected	fitness	at	the	destination	
(for	details	on	flight	range	and	calculation	of	optimal	target	site,	see	
Appendix	S1).

Once	the	bird	has	reached	the	breeding	grounds,	its	expected	
reproductive	success	is	determined	by	time	of	arrival	and	body	re-
serves	at	arrival	assuming	that	successful	breeding	is	only	possible	
if	birds	arrive	within	a	rather	short	time-	window	(e.g.	Bêty,	Giroux,	
&	Gauthier,	2004;	Madsen	et	al.,	2007)	and	that	reproductive	out-
put	 is	also	 related	 to	 the	amount	of	 reserves	 (“capital	breeding”,	
for	review	see	Stephens,	Boyd,	McNamara,	&	Houston,	2009).	We	
set	the	arrival-	window	between	26	May	and	8	June,	based	on	the	
arrival	dates	of	16	tracked	white-	fronted	geese	and	their	inferred	
later	breeding	status	(van	Wijk	et	al.,	2012,	Appendix	S2)	and	used	
a	sigmoidal	 relation	between	body	reserves	upon	arrival	and	ex-
pected	number	of	young.	When	birds	failed	to	reach	the	breeding	
grounds	 within	 this	 time-	window	 or	 with	 insufficient	 body	 re-
serves,	they	cannot	reproduce	in	the	present	year	but	may	do	so	
in	subsequent	year(s).	Expected	fitness	gains	from	future	breeding	
attempts	 depend	 on	 survival	 and	 future	 reproductive	 success—
both	 of	 which	 are	 rather	 high	 in	 long-	lived	 species	 (for	 details,	 
see	Appendix	S1).

2.2 | Scenarios

As	we	were	particularly	 interested	 in	 the	 consequences	of	 scar-
ing	and	shooting,	we	run	scenarios	with	changes	in	the	predation-	
risk	parameters	that	reflect	the	(perceived)	mortality	risk	of	such	
human	 activities.	 To	 this	 end,	 we	 increased	 background	 preda-
tion	 risk	m0	 as	well	 as	 predation	 risk	 coefficients	b1 and b2	 (see	
Equation	1)	 independently	and	 in	combination,	 in	steps	of	 factor	
10	from	their	default	values,	 that	 is,	m0 = 10−4	 (standard	setting)	
to	10−3 and 10−2,	b1 = 10−3	to	10−2 and 10−1; and b2 = 10−4	to	10−3 
and 10−2.

Alternatively,	scaring	and	shooting	can	lead	to	frequent	escape	
flights	 and	 thus,	 higher	 daily	 energy	 expenditure.	 Therefore,	 we	
tested	the	consequences	of	increasing	daily	energy	expenditure	by	
5%	and	10%	(Nolet	et	al.,	2016).

Furthermore,	 as	we	 aimed	 at	 identifying	 the	 consequences	 of	
scaring	and	 shooting	on	one	or	 several	 sites	 along	 the	 flyway,	we	
run	the	above	scenarios	both	in	one	site	alone	and	combined	in	two	
and	three	sites.	We	focused	particularly	on	NL,	Est/Tver	and	Nen	as	
these	are	the	sites	where,	in	reality,	either	hunting	pressure	is	high	or	
derogation	shooting	has	been	introduced.

For	all	scenarios,	we	analysed	model	predictions	with	regard	to	
individual	choice	of	stop-	over	sites,	migration	 timing	and	body	re-
serve	dynamics.	As	an	indication	of	the	maximum	agricultural	dam-
age	potentially	caused	by	the	geese’	foraging,	we	recorded	individual	
consumption	per	site.

3  | RESULTS

3.1 | Stopover site use and staging times

Under	the	standard	parameter	setting,	geese	were	predicted	to	de-
part	from	the	Netherlands	at	the	end	of	March	and	to	use	primarily	
Est/Tver	and	Nen	on	their	way	to	 the	breeding	grounds.	All	other	

(1)P⌊G=gj(i)⌋=pj(i), where
�

j
pj(i)=1.

(2)m(x, u, i)=m0(i)+b1(i)
(x+ugj(i))

a1+1−xa1+1

(a1+1)ugj(i)
⋅b2(i)u

a2
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sites	were	used	for	a	few	days	at	most;	yet,	there	was	considerable	
variation	in	how	individuals	migrated,	which	sites	they	used	and	for	
how	long	they	stayed	(Figure	2a).

When	predation risk was changed only at the wintering site (NL),	
this	 altered	 the	 departure	 from	NL	 and	 the	 geese’	 staging	 times	
elsewhere	 (Figure	2b).	 Counter-	intuitively,	 a	 higher-	than-	standard	
predation	risk	delayed	departure	from	NL,	decreased	staging	time	
in	 Est/Tver	 and	 increased	 staging	 time	 in	 Ark	with	 little	 changes	
elsewhere.	Only	under	 the	highest	predation	risk	 in	NL	did	geese	
depart	 earlier	 from	 NL	 and	 stayed	 in	 D	 instead,	 largely	 skipped	
Est/Tver	and	used	Ark	for	more	than	3	weeks.	This	general	pattern	
also	arose	when	the	three	predation	risk	parameters	were	changed	
independently,	 albeit	 increases	 in	 foraging-	intensity-	dependent	

predation	 risk	 (b2)	 had	 the	 strongest	 consequences	 for	departure	
(not	shown).

If	predation risk was changed in either the central (Est/Tver) or north-
ern (Nen) site,	 staging	 times	 changed	on	 the	 site	with	 higher	 preda-
tion	risk	but	also	carried	over	to	the	use	of	other	sites.	With	higher	
risks	in	Est/Tver,	geese	reduced	their	staging	here,	ultimately	skipped	
this	site	and	stayed	considerably	longer	in	NL,	Kar/Kos	and	Ark	(and	
slightly	longer	in	Pl,	Lit/Ukr)	(Figure	2c).	A	similar	pattern	emerged	for	
changes	in	Nen,	which	was	also	sidestepped	under	high	predation	risk	
and	instead,	geese	stayed	longer	in	NL,	Kar/Kos	and	Ark	(Figure	2d).	
In	contrast,	changing	predation	risk	in	Kar/Kos	or	Ark	hardly	changed	
staging	times—possibly	because	they	were	the	least-	preferred	sites	in	
the	standard	setting.

F IGURE  2  (a)	Migration	route	of	
white-	fronted	geese	from	the	wintering	
region	in	NL,	via	stop-	over	regions	in	
Germany	(D),	Poland	(PL),	Lithuania/
Ukraine	(Lit/Ukr),	Estonia/Tver	(Est/Tver),	
Leningrad	Oblast/Karelia/Kostroma	(Kar/
Kos),	Arkhangelsk	Oblast/Komi	(Ark),	
Nenetskii	Okrug	(Nen)	to	their	breeding	
grounds	in	the	Kolguev	region.	Under	the	
standard	parameter	setting,	geese	would	
mainly	use	NL,	Est/Tver	and	Nen	(staging	
time	indicated	by	circle	size)	but	there	
was	also	considerable	variability	in	the	
use	of	sites	and	staging	times.	Increasing	
hunting/shooting	intensity	(here	by	
increasing	all	three	parameters	m0,	b1 and 
b2	by	factor	10	“+”	and	10

2	“++”)	changed	
departure	and	staging	times	as	well	as	
mortality	but	the	specific	consequences	
depended	on	where	predation	risk	was	
changed	and	how	much.	The	predicted	
consequences	for	mean	migration	
patterns	(left	panel)	and	mortality	(right	
panel)	are	shown	for	changes	in	(b)	NL	
(arrows	indicate	the	changes	compared	to	
the	migration	patterns	under	the	standard	
parameter	setting),	(c)	Est/Tver,	(d)	Nen	
alone	and	when	they	occur	in	all	three	of	
these	sites	(e).	For	NL,	“Days	at	site”	are	
days	after	1	March
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Under simultaneous changes in predation risk	at	wintering	(NL),	cen-
tral	 (Est/Tver)	 and	northern	 (Nen)	 sites,	 geese	 largely	 avoided	 all	 of	
these	and	instead,	mainly	used	D,	Lit/Ukr	and	Ark	(Figure	2e).

Changes	in	daily energy expenditure	as	consequence	of	frequent	
escape	 behaviours	 had	 no	major	 influence	 on	migration	 patterns.	
The	 only	 non-	negligible	 influence	was	 a	 higher	 expenditure	 in	NL	
which	led	to	somewhat	later	departures	from	NL	and	the	additional	
use	of	Lit/Ukr	as	stop-	over.	A	higher	expenditure	on	any	of	the	other	
sites	had	no	influence	on	migration—likely	because	their	higher	MEI-	
values	facilitated	a	compensation	for	the	additional	expenditure.

3.2 | Fitness consequences

Mortality	 was	 generally	 very	 low	 in	 the	 standard	 setting	 (c.	 5%).	
A	higher	 predation	 risk	 anywhere	 along	 the	 migration	 route	 obvi-
ously	increased	mortality	(right	panel	in	Figure	2);	however,	how	much	
mortality	 increased	depended	on	where	 predation	 risk	was	 changed	
and	which	parameter	of	predation	risk.	Obviously,	mortality	increased	
most	(to	>70%)	when	all	three	predation	risk	parameters	(m0,	b1 and b2)	
were	affected,	and	less	when	only	one	of	these	parameters	changed:	
for	changes	in	b1	the	highest	observed	mortality	was	19%;	for	changes	
in b2	 the	 highest	 observed	 mortality	 was	 17%,	 and	 for	 changes	 in	
background	predation	risk	m0	mortality	was	27%.	Furthermore,	while	
a	higher	risk	in	NL	or	Nen	increased	mortality	substantially,	a	higher	
predation	risk	on	any	of	 the	other	sites	had	not	such	drastic	conse-
quences—for	 these	 changes,	 mortality	 remained	 relatively	 low,	 in-
dicating	 that	 reducing	 foraging	 intensity,	 or	 avoiding	 risky	 sites	 and	
substituting	them	by	one	of	the	(safer)	sites	could		effectively	alleviate	
the	higher	risk.

Changing	 energy	 expenditure	 had	 no	major	 influence	 on	mor-
tality—it	largely	remained	at	a	low	level,	with	the	minor	exception	of	
higher	expenditure	in	NL,	which	slightly	increased	mortality.

3.3 | Consumption

Agricultural	 damage	 results	 primarily	 from	 the	 foraging	 activities	 of	
geese	and	therefore,	we	used	biomass	consumption	per	site	as	a	proxy	
for	the	damage	expected	at	each	site.	The	overall	pattern	of	biomass	
consumption	 across	 the	 flyway	 clearly	 reflects	 the	 preferences	 of	
geese	for	specific	sites,	their	staging	times	there	but	also	the	impor-
tance	of	fuelling	at	these	sites.	In	the	standard	scenario,	the	preferred	
sites	were	NL,	Est/Tver	and	Nen,	where	the	geese	either	prepared	for	
a	long	migratory	leg	(NL	and	Est/Tver)	or	for	breeding	(Nen),	and	con-
sequently,	we	found	the	highest	biomass	consumption	on	these	sites	
(Figure	3).

As	 changes	 in	 predation	 risk	 altered	 the	 use	 of	 sites	 and	
shifted	 their	 importance	 (see	 above),	 the	 expected	 damage	 to	
local	agriculture	changed	likewise.	For	instance,	a	higher	preda-
tion	risk	in	NL	increased	biomass	consumption	in	NL	considerably	
(Figure	3)	and	decreased	it	only	under	the	highest	predation	risk	
with	 its	much	higher	mortality.	Also	when	predation	risk	 in	one	
of	the	other	sites	was	increased,	geese	stayed	and	foraged	longer	
in	NL.

4  | DISCUSSION

Migratory	animals	link	distant	sites	(Bauer	&	Hoye,	2014)	and	this	also	
applies	to	the	consequences	of	management	actions	(Hessen,	Tombre,	
van	Geest,	&	Alfsnes,	2017).	Changing	conditions	on	a	particular	site—be	
it	through	management	or	natural	processes—not	only	alters	the	behav-
iour	of	migrants	immediately	and	locally	but	could	do	so	also	at	a	later	
time	and	at	a	distance.	This	is	also	the	case	in	our	study,	where	(1)	shoot-
ing/hunting	influenced	the	use	of	focal	sites	but	also	that	of	other	sites,	
sometimes	leading	to	counter-	intuitive	consequences.	Furthermore,	our	
results	suggest	that	the	consequences	of	shooting	not	only	vary	with	its	
intensity	but	(2)	also	depend	on	which	sites	were	affected	and	(3)	on	the	
mechanisms	through	which	it	is	assumed	to	influence	birds.

4.1 | Consequences on focal sites and beyond

Increasing	shooting	intensity	in	the	wintering	site	(NL)	first	delayed	
spring	departure	and	only	advanced	it	under	even	higher	intensities.	A	

F IGURE  3 Biomass	consumption	in	the	main	wintering	site	
(The	Netherlands,	NL)	under	increasing	levels	of	shooting/hunting	
intensity,	which	may	increase	predation	risk	(“+”	and	“++”	Predation	
risk,	see	Figure	2)	and/or	energy	expenditure	(“+	Expenditure”	
resulting	from	10%	higher	expenditure)	in	NL,	Est/Tver	and	Nen.	
(a)	Per	capita	daily	biomass	consumption	(averaged	over	starting	
population	of	100	individuals)	over	the	entire	spring	migration	
period	increased	with	higher	predation	risk	( )	as	geese	left	slower	
and	later	but	dropped	sharply	as	predation	risk	increased	even	
further	( )	while	increasing	daily	energy	expenditure	had	only	a	
minor	effect.	Consequently,	the	biomass	consumed	per	goose	in	NL	
over	the	entire	season	(b)	increased	with	higher	predation	risk	in	NL	
but	also	with	higher	predation	risk	in	either	Est/Tver,	Nen	or	in	all	
of	these	sites	but	consumption	in	NL	dropped	when	predation	risk	
increased	further	in	NL	or	in	all	sites	combined
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longer	stay	may	appear	counter-	intuitive	but	results	from	the	reduced	
foraging	intensity	(and	the	higher	vigilance)	with	which	geese	attempt	
to	alleviate	the	higher	predation	risk.	Consequently,	the	geese	then	
needed	to	forage	longer	to	reach	the	level	of	body	reserves	required	
for	 the	 next	 migratory	 leg.	 However,	 when	 shooting	 intensity	 in-
creased	further,	a	 lower	 foraging	 intensity	does	not	sufficiently	 re-
duce	mortality	risk	and	then,	geese	minimized	time	on,	or	completely	
avoided,	high-	risk	sites,	staying	on	less	risky	sites	further	along	the	
flyway	instead.	Avoidance	of	risky	sites	also	explains	why	geese	stay	
longer	in	NL	when	hunting	intensity	in	central	or	northern	sites	was	
increased.	Such	changes	in	time	spent	on	sites,	skipping	of	site	or	use	
of	alternative	sites	when	(perceived)	mortality	risk	is	high	have	also	
been	observed	in	other	studies:	Western	sandpipers	have	altered	mi-
gration	 routes	 as	 raptor	populations	have	 recovered	and	 increased	
predation	risk	(Ydenberg,	Butler,	Lank,	Smith,	&	Ireland,		2004),	pink-	
footed	geese	changed	staging	times	with	scaring	activities	on	staging	
sites	(Klaassen	et	al.,	2006)	or	Jonker	et	al.,	(2010)	suggest	increased	
	predation	risk	as	a	likely	reason	for	Barnacle	geese	(Branta leucopsis)	
delaying	their	departure	from	their	wintering	site	(NL).

Obviously,	the	redistribution	of	geese	along	the	flyway	and	the	
use	of	alternative	sites	depend	on	availability	of	sites	along	a	flyway.	
In	spring,	sites	towards	the	Arctic	become	only	successively	available	
with	the	retreating	 ice	 front	and	the	 local	onset	of	spring	 (Nuijten	
et	al.,	 2014).	 Global	 climatic	 changes	 may	 alter	 timing	 and	 speed	
of	 the	onset	of	 spring;	yet,	 these	changes	are	uneven	across	 sites	
and	are	generally	predicted	to	be	stronger/accelerated	in	the	Arctic	
(Stocker	et	al.,	2013).	If	the	trend	towards	earlier	springs	in	Central	
Europe	continues	and	Germany	and	possibly	Poland	become	avail-
able	earlier,	 geese	might	 indeed	be	 forced	out	of	 the	Netherlands	
with	an	 intensified	scaring	and	shooting	regime.	Such	shifts	 in	the	
winter	distribution	with	rising	winter	temperatures	 in	Europe	have	
already	 been	 observed	 in	 several	 waterfowl	 species,	 (Lehikoinen	
et	al.,	2013;	Ramo	et	al.,	2015).

4.2 | Consequences vary dependent on which 
sites affected

The	 patterns	 in	 demographic	 rates	 as	 a	 consequence	 of	 shooting	
are	also	diverse.	Survival	can	drop	considerably	under	high	shooting	
intensity	but	also	remain	high	if	only	one	site	is	affected,	provided	
that	this	site	is	not	the	wintering	or	last	stopover	site	before	reach-
ing	the	breeding	grounds,	or	if	the	increase	in	risk	is	moderate	only.	
In	these	cases,	geese	can	adjust	behaviour	or	use	alternative	site(s).	
However,	if	a	combination	of	sites	is	affected	or	either	the	starting	
and	last	stopover	site	(NL	and	Nen)	have	a	high	predation	risk,	sur-
vival	dropped	considerably.

4.3 | Mechanism through which hunting/shooting 
affects geese

As	our	results	have	shown,	scaring	and	shooting	can	have	various	
consequences	depending	on	which	causal	 (mechanistic)	pathway	
we	assumed.	We	changed	energy	expenditure	and	three	aspects	

of	 predation	 risk,	 assuming	 that	 either	 background	mortality	 in-
creases	with	shooting,	 that	predation	risk	 increases	with	 intense	
foraging	 or	 with	 higher	 body	 reserves	 (Guillemain,	 Elmberg,	
Arzel,	 Johnson,	&	Simon,	2008),	or	 that	daily	maintenance	costs	
are	increased	with	frequent	escape	flights	(Nolet	et	al.,	2016).	All	
of	 these	possible	 responses	have	been	shown	 in	 reality	 (but	not	
necessarily	in	combination	or	in	the	same	species):	For	instance,	if	
disturbed	by	hunting,	snow	geese	flew	off	repeatedly,	interrupted	
feeding	 and	 gained	 less	 energy	 than	 undisturbed	 geese	 (Béchet	
et	al.,	 2004).	 Birds	may	 also	 enhance	 vigilance	 (Pomeroy,	Butler,	
&	Ydenberg,	2006),	engage	in	specific	escape	behaviours	(Béchet	
et	al.,	 2004;	 Riddington,	Hassall,	 Lane,	 Turner,	 &	Walters,	 1996)	
or	departure	earlier	from,	or	avoid,	regions	with	higher	mortality	
risk	(Morris	et	al.,	2008),	all	of	which	may	have	consequences	for	
the	redistribution	along	flyways.	If	detailed	predictions	of	specific	
management	actions	are	sought,	we	need	to	identify	how	particu-
lar	species	will	perceive	such	management	and	what	their	primary	
and	knock-	on	responses	will	be.

There	 are	 some	 abstractions	 inherent	 to	 our	 modelling	 ap-
proach	that	might	be	specifically	 targeted	 in	 future	applications:	
First,	our	approach	represents	space	(within	stop-	over	sites)	only	
implicitly,	that	is,	we	did	not	consider	small-	scale	characteristics	of	
sites	such	as	areas	of	suitable	habitat	or	carrying	capacities	 that	
likely	 differ	 between	 regions	 and	 change	 competition	 between	
individual	 geese.	 Second,	we	 assumed	 that	 geese	 are	 “informed	
migrants”,	that	 is,	they	“knew”	conditions	 in	all	regions	along	the	
migration	 route	 and	 respond	 optimally	 to	 them.	 Although	 this	
might	 appear	 a	 strong	 assumption,	 several	 goose	 species	 have	
demonstrated	a	high	capacity	of	swiftly	 responding	 to	new	con-
ditions	 and	 adopting	 new	migration	 patterns	 (Clausen,	 Madsen,	
Cottaar,	 Kuijken,	&	Verscheure,	 2018).	 If	 this	 assumption	 is	 vio-
lated,	our	results	would	be	a	rather	optimistic	view	(from	a	goose’	
perspective)	as	consequences	for	migration	and	fitness	will	likely	
be	much	more	severe	 if	changes	are	unexpected	(Klaassen	et	al.,	
2006).	Third,	there	might	be	considerable	variability	in	shooting	in-
tensity	at	smaller	scales.	For	instance,	perceived	and	experienced	
risks	may	vary	with	the	physical	landscape	(e.g.	hilly	terrain	provid-
ing	more	cover	than	plains),	with	position	within	a	group	(e.g.	indi-
viduals	at	the	fringes	being	more	vigilant	while	centre	individuals	
enjoy	undisturbed	foraging),	or	with	time	of	the	day	depending	on	
the	regulations	that	may	vary	between	regions.

4.4 | Management implications

Our	scenarios	have	shown	that	shooting	can	have	counterintuitive	
effects	that	 increase	rather	than	alleviate	agricultural	damage	as	
compensation	behaviours	may	make	management	measures	inef-
ficient	or	futile.	Predictions	of	expected	agricultural	damage	var-
ied	 substantially	between	our	 scenarios:	Considering	a	digestive	
efficiency	of	54%	and	an	energy	content	of	1	g	dry	matter	grass	
of	 17.8	kJ	 (Chudzińska,	 Nabe-	Nielsen,	 Nolet,	 &	 Madsen,	 2016),	
increasing	 shooting	 intensity	 in	NL	 increased	 the	average	cumu-
lative	per	capita	consumption	 in	NL	from	c.	4.8	kg	dry	matter	 to	
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6.1	kg;	 increasing	 shooting/hunting	 intensity	 in	Nenetskii	 oblast	
increased	 consumption	 in	 NL	 even	 more	 to	 7.5	kg	 dry	 matter.	
These	are	increases	of	27%–61%,	which	may	result	in	substantial	
economic	 losses	 even	 if	 only	parts	of	 the	overall	 population	 are	
affected.

Furthermore,	 our	 results	 have	 shown	 that	 the	 consequences	 of	
management	measures	may	differ	between	locations	and	management	
at	one	location	influences	the	timing	and	intensity	of	how	other	loca-
tions	are	used.	Although	we	have	only	investigated	the	consequences	
of	 shooting/hunting,	 other	 management	 methods,	 for	 example,	 cre-
ation	of	 alternative	 feeding	 areas	 (“sacrificial	 land”),	 subsidies	 and/or	
compensation	payments	to	farmers,	and	scaring	(e.g.	Fox	et	al.,	2017;	
Jensen	et	al.,	2008;	Simonsen,	Madsen,	Tombre,	&	Nabe-	Nielsen,	2016;	
Simonsen,	Tombre,	&	Madsen,	2017)	could	be	evaluated	similarly	and	
thereby	assist	in	the	identification	of	a	management	regime	that	min-
imizes	conflicts	with	agriculture	 (or	other	human	activities)	while	still	
maintaining	migratory	 populations.	 Such	 plans	 are	 not	 only	 urgently	
required	 for	our	study	species	but	 for	many	growing	waterfowl	pop-
ulations.	For	instance,	a	first	adaptive	management	plan	was	adopted	
for	pink-	footed	geese	(Anser brachrhynchus)	under	auspices	of	AEWA	
in	2012	(Madsen	et	al.,	2017),	which	 involved	harvest	by	shooting	 in	
Norway	 and	Denmark,	 and	 complete	 protection	 in	 Belgium	 and	 the	
Netherlands.	 Similar	 international	 species	management	plans	 are	 im-
plemented	or	are	under	preparation	for	other	migratory	goose	species	
(taiga	bean	goose	(Anser fabalis),	greylag	goose	(Anser anser)	and	barna-
cle	goose	(Branta leucopsis)),	with	white-	fronted	goose	likely	being	the	
next.	Experiences	with	developing	 such	plans	have	 shown	 that	 their	
success	 depends	 on	 two	 salient	 points:	 (1)	 international	 agreements	
can	be	made	among	several	states	that	share	a	migratory	population,	
even	when	shooting	cultures	are	drastically	different;	and	(2)	that	any	
management	should	be	adaptive.	A	behavioural	state-	dependent	model	
such	 as	 ours	 can	 greatly	 assist	 in	 the	 development	 of	 management	
plans	by	assessing	the	flyway	implications	and	efficacy	of	local	and	re-
gional	management	action	and	scrutinizing	their	capacity	to	reduce	ag-
ricultural	conflicts.	Ideally,	a	future	theoretical	approach	to	evaluating	
specific	management	measures	would	combine	a	flyway-	scale	model	
with	a	model	that	explores	small-	scale	movements	and	redistributions	
within	each	site,	for	example,	using	a	spatially	explicit,	individual-	based	
model	(Chudzińska,	van	Beest,	Madsen,	&	Nabe-	Nielsen,	2015).
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