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Abstract
1.	 The	release	of	more	than	40	million	captive‐bred	pheasants	and	red‐legged	par-
tridges	in	Britain	annually	represents	a	significant	addition	to	the	potential	food	
resource	base	for	predators	and	scavengers.	If	this	extra	food	availability	subsi-
dizes	predator	populations,	gamebird	releases	could	increase	predation	pressure	
on	other	wild	birds,	affecting	their	populations.

2.	 Using	 three	extensive	datasets,	we	examined	 the	spatial	 relationships	between	
reared	and	free‐roaming	gamebirds	(pheasant	Phasianus colchicus	and	red‐legged	
partridge	Alectoris rufa),	and	explored	spatial	and	temporal	associations	between	
these	 gamebirds	 and	 five	 species	 of	 avian	 predator	 (buzzard	 Buteo buteo,	 jay	
Garrulus glandarius,	raven	Corvus corax,	magpie	Pica pica	and	hooded	Corvus cornix 
and carrion Corvus corone	crows	combined)	in	lowland	rural	Britain.

3.	 Patterns	of	spatial	variation	in	the	abundance	of	free‐roaming	gamebirds	across	
Britain	appear	to	be	largely	determined	by	gamebird	releases,	over	and	above	any	
effects	of	land	use	or	habitat.	Predominantly	positive	associations	between	game-
bird	abundance	(both	reared	and	free‐roaming)	and	the	abundance	and	inter‐an-
nual	population	growth	rates	of	predators	tested	suggest	that	large‐scale	variation	
in	avian	predator	populations	may	be	positively	affected	by	gamebird	releases.

4. Synthesis and applications.	The	positive	associations	between	large‐scale	gamebird	
release	and	predator	populations	shown	here	may	have	implications	for	prey	pop-
ulations	 if	the	releases	cause	 increased	predation	pressure.	 If	this	occurs,	game	
management	could	have	an	 indirect	negative	 impact	on	some	prey	species	par-
tially	counteracting	previously	reported	positive	or	benign	effects	of	game	man-
agement	on	wider	biodiversity.	Overall	impacts	of	gamebird	releases	are	likely	to	
be	 determined	 by	 complex	 interactions	 between	multiple	 factors,	 including	 in-
duced	predation	pressure,	better	understanding	of	which	would	be	possible	with	
compulsory	recording	of	releases	and	numbers	of	predators	killed.	Restriction	of	
releases	warrants	further	investigation	and	consideration	as	a	potential	conserva-
tion	tool	for	wild	bird	populations.
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1  | INTRODUC TION

Gamebird	shoots	form	a	multimillion	pound	industry	across	Europe,	
providing	revenue,	tourism	and	infrastructure	(Martínez,	Viñuela,	&	
Villafuerte,	 2002;	 PACEC,	 2014).	 To	 ensure	 a	 reliable	 shooting	 re-
source,	 there	 is	 significant	 investment	 in	management	 to	 enhance	
habitat	 and	 food	 availability,	 and	 to	 reduce	 predation,	 often,	 but	
not	 always,	with	 benefits	 for	wider	 biodiversity	 (e.g.,	 Sage,	 Ludolf,	
&	 Robertson,	 2005;	 Stoate	 &	 Szczur,	 2001,	 but	 see	 Davey,	 2008;	
Larkman,	Newton,	Feber,	&	Macdonald,	2015).	Game	management	
impacts	 have	 been	 studied	 in	 systems	 across	 Europe	 and	 North	
America	 (reviews	 in	Mustin	et	al.,	2018,	and	Arroyo	&	Beja,	2002),	
with	effects	often	context	and	species	dependent.	However,	impacts	
of	gamebird	releases	on	ecosystems	are	relatively	understudied	and	
as	such,	a	research	priority,	particularly	when	they	involve	non‐native	
gamebirds	 (Bicknell	 et	al.,	2010;	Mustin	et	al.,	2018).	Effects	could	
involve	competition,	alteration	of	habitat	structure,	spread	of	disease	
or	 a	 change	 in	 predator–prey	 dynamics	 (Altizer	 et	 al.,	 2018;	 Lees,	
Netwon,	&	Balmford,	2013;	Neumann,	Holloway,	Sage,	&	Hoodless,	
2015),	 and	 non‐native	 game	 impacts	 on	 biodiversity	 have	 been	
flagged	as	a	critical,	policy‐relevant	question	(Sutherland	et	al.,	2006).

When	 large	 quantities	 of	 birds	 are	 released,	 these	 are	 likely	
to	dominate	naturalized	populations	numerically,	therefore,	free‐
roaming	 gamebird	densities	will	 be	higher	 near	 release	 sites	 be-
cause	 gamebirds	 are	 sedentary	 and	 management	 is	 designed	
to	 retain	 birds	 (Madden,	 Hall,	 &	 Whiteside,	 2018;	 Robertson,	
Woodburn,	&	Hill,	 1993).	 In	 the	 case	of	 introduced	 species,	 this	
is	particularly	marked,	as	free‐roaming	populations	are	ultimately	
descended	from	captive	stock	(Robertson	et	al.,	2017).	Gamebird	
abundance	 can	 be	 positively	 associated	 with	 predator	 numbers	
(Beja	et	al.,	2009;	Valkama	et	al.,	2005),	although	evidence	is	lim-
ited	 (e.g.	Mrlik	&	Koubek,	1992;	Redpath	&	Thirgood,	1999)	and	
most	studies	have	focussed	on	negative	 impacts	of	predators	on	
gamebird	 populations	 (reviewed	 in	 Park,	 Graham,	 Calladine,	 &	
Wernham,	2008;	Valkama	et	al.,	2005).	Released	gamebirds	may	
present	an	easy	 food	 resource	due	 to	 their	vulnerability	 to	 star-
vation,	predation	and	vehicle	collisions,	and	low	predator‐evasion	
skills	 (Madden	&	Perkins,	 2017;	Musil	&	Connelly,	 2009).	 By	 re-
moving	the	density	dependence	of	natural	predator–prey	systems,	
releases	may	sustain	higher	predator	densities,	thereby	increasing	
predation	pressure	on	other	prey	(Gompper	&	Vanak,	2008;	Lees	
et	 al.,	 2013;	Martínez‐Abraín	&	Oro,	2013).	Any	 influence	of	 re-
leased	gamebirds	on	predators	will	act	in	combination	with	other	
factors	such	as	habitat,	climate	and	activity	to	control	predators.	
It	will	therefore	vary	temporally	and	spatially,	and	is	unlikely	to	be	
the	sole	factor	driving	abundance.	However,	the	scale	of	releases,	
involving	 many	 millions	 of	 captive‐bred	 birds	 released	 annually	
across	 Europe	 (Arroyo	&	 Beja,	 2002;	 Bicknell	 et	 al.,	 2010),	 sug-
gests	that	effects	are	highly	plausible.

Annual	gamebird	releases	 in	the	UK	far	outnumber	those	else-
where	 in	 Europe:	 41–50	 million	 ring‐necked	 pheasant	 (Phasianus 
colchicus;	 hereafter	 pheasant)	 and	 red‐legged	 partridge	 (Alectoris 
rufa)	 (Bicknell	et	al.,	2010;	Roos,	Smart,	Gibbons,	&	Wilson,	2018),	

compared	to	3	million	in	Spain	and	12–17	million	in	France	(Arroyo	&	
Beja,	2002).	To	determine	the	potential	for	gamebird	releases	in	the	
UK	to	increase	predation	pressure,	potentially	impacting	negatively	
on	 alternative	 prey	 species,	 this	 study	 examined	 the	 relationship	
between	 gamebird	 releases	 and	 the	 abundance	 of	 buzzard	 (Buteo 
buteo)	and	four	corvids,	raven	(Corvus corax),	carrion/hooded	crow	
(Corvus corone/cornix),	magpie	(Pica pica)	and	jay	(Garrulus glandarius).	
All	are	opportunistic	generalists	that	feed	on	eggs,	nestlings,	 juve-
niles	and/or	adult	birds	and	carrion	(Kenward,	Hall,	Walls,	&	Hodder,	
2001;	 Swann	 &	 Etheridge,	 1995).	 Gamebirds	 could	 have	 a	 similar	
effect	on	mammalian	predators	such	as	red	fox	(Vulpes vulpes),	but	
insufficient	data	were	available	to	consider	them.	We	tested	the	fol-
lowing	hypotheses:

1.	 The	 distributions	 of	 gamebirds	 held	 in	 captivity	 and	 released	
are	 positively	 associated	 with	 the	 abundance	 of	 free‐roaming	
gamebirds;

2.	 There	are	positive	spatial	associations	between	avian	generalist	
predators	and	released	gamebirds;

3.	 Avian	generalist	predator	population	growth	rates	are	positively	
associated	with	free‐roaming	gamebird	abundance.

2  | MATERIAL S AND METHODS

2.1 | Study system

Thirty‐five	million	non‐native	pheasants	and	6.5	million	red‐legged	
partridges	 are	 released	 annually	 in	 the	UK	 (Bicknell	 et	 al.,	 2010;	
GWCT,	 2013),	 totalling	 c.	 45,000	 tonnes,	 compared	 to	 an	 esti-
mated	 total	 biomass	 of	 19,500	 tonnes	 of	 all	 native	UK	 breeding	
birds	 (Eaton	 et	 al.,	 2012).	 A	more	 recent	 estimate	 based	 on	 the	
National	 Gamebag	 Census	 (Aebischer,	 2013)	 puts	 the	 figure	 for	
non‐native	gamebird	releases	at	50	million	birds	(Roos	et	al.,	2018).	
Fewer	than	half	of	the	released	birds	are	shot	(Bicknell	et	al.,	2010;	
Madden	et	al.,	2018)	and	the	gap	between	numbers	released	and	
numbers	shot	is	increasing,	leading	to	a	surplus	of	over	20	million	
pheasants	in	2005	(Larkman	et	al.,	2015;	Robertson	et	al.,	2017).	
These	surplus	birds	are	predated	or	scavenged	before	or	during	the	
shooting	season	(36%	in	a	large	study	in	southern	England;	Sage	et	
al.,	2018),	or	survive	to	be	predated	in	the	breeding	season,	or	to	
breed	(Sage	et	al.,	2018).

2.2 | Datasets

No	 spatially	 precise,	 quantitative	 data	 on	 gamebird	 releases	 are	
available,	precluding	direct	analyses	of	associations	with	variation	in	
predator	abundance.	We,	therefore,	used	three	different	datasets	as	
surrogates	for	released	gamebird	numbers,	which	individually	do	not	
describe	 them	perfectly,	 but	 provide	 complementary	 insights	 into	
possible	effects	of	releases	(Table	1).	The	rearing	dataset	describes	
the	numbers	of	gamebirds	held	before	release.	It	provides	the	best	
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available	spatial	data	on	numbers	of	reared	gamebirds,	but	may	in-
clude	birds	that	die	in	captivity,	or	are	released	at	different	locations.	
By	contrast,	records	of	gamebirds	in	Atlas	and	BBS	datasets	include	
birds	 from	 naturalized	 populations	 as	well	 as	 releases,	 so	 provide	
spatially	 referenced	 information	 about	 the	 post‐release	 numbers	
available	to	predators.

2.2.1 | Atlas data

Data	on	spatial	variation	in	the	abundance	of	gamebirds	(pheasant	
and	 red‐legged	 partridge)	 and	 predators	 (buzzard,	 carrion	 crow,	
hooded	crow, raven,	jay	and	magpie)	were	taken	from	the	Bird	Atlas	
2007–2011	dataset	(Balmer	et	al.,	2013;	Table	1).	Randomly	selected	
tetrads	 (2	 ×	 2	 km)	 were	 surveyed	 by	 volunteers	 during	 both	 the	
breeding	season	and	the	winter.	During	1‐hr	visits,	observers	aimed	
to	visit	 as	many	of	 the	main	habitat	 types,	 and	 record	as	many	of	
the	 species	 present	 in	 the	 tetrad	 as	 possible.	A	minimum	of	 eight	
tetrads	were	surveyed	in	every	hectad	(10	×	10	km)	in	Britain.	Only	
tetrads	with	two	winter	or	breeding	season	visits	were	used	in	analy-
ses	for	each	season;	visits	could	be	from	the	same	or	different	years.	
Maximum	 counts	 across	 years	 and	 visits	 were	 used	 as	 seasonal	
measures	of	abundance.

2.2.2 | BBS data

Data	 for	 temporal	 analysis	 came	 from	 the	 BTO/JNCC/RSPB	
Breeding	Bird	Survey	(BBS;	Harris	et	al.,	2019;	Table	1).	Surveys	in	
around	3,000	randomly	selected	1‐km	squares	have	been	conducted	
annually	 since	 1994,	 each	 survey	 comprising	 two	 1‐km	 transects	
along	which	all	birds	are	counted	twice	per	breeding	season.	Flying	
birds	 (i.e.	 those	 that	 could	 not	 be	 clearly	 associated	with	 habitats	
on	the	ground)	were	excluded	from	analysis	as	they	may	have	been	
transient	and	not	closely	associated	with	survey	squares.	However,	

buzzards	and	ravens	in	flight	were	included,	as	these	may	be	foraging	
where	they	are	observed.

2.2.3 | Gamebird rearing data

Numbers	of	captive	pheasants	and	red‐legged	partridges	were	taken	
from	the	UK	Animal	and	Plant	Health	Agency	(APHA)	poultry	regis-
ter	(Table	1).	This	dataset	derives	from	a	census	in	September	2010	
(with	mandatory	reporting	of	all	holdings	of	more	than	50	birds	of	
any	 poultry,	 including	 gamebirds;	 https	://www.gov.uk/guida	nce/
poult	ry‐regis	tration).	The	numbers	of	birds	held	were	obtained	for	
every	5‐km	square	(5km	x	5km)	in	Britain.	In	order	to	match	these	
data	with	Atlas	data,	we	summarized	them	to	the	hectad	scale,	and	
log‐transformed	them	due	to	their	clumped	distribution.

2.2.4 | Other variables

The	proportions	of	arable,	pastoral,	woodland	and	urban	 land	cover,	
according	to	the	Centre	for	Ecology	and	Hydrology's	Land	Cover	Map	
(LCM	2000;	Fuller	et	al.,	2002)	were	calculated	for	each	1‐km	square,	
tetrad	and	hectad	(by	averaging	across	surveyed	tetrads	in	each	hec-
tad).	 Controls	 for	 possible	 spurious	 associations	 between	 predators	
and	gamebirds	caused	by	common	responses	 to	habitat	or	manage-
ment	were	calculated	as	the	total	abundance	and	diversity	of	a	suite	of	
59	species,	providing	indicators	of	habitat	quality.	The	species	included	
(Appendix	 S1;	 Table	 S1.1)	 were	 selected	 for	 their	 associations	 with	
farmland	and	woodland	on	the	basis	that,	in	‘good’	habitat,	these	spe-
cies	should	tend	to	be	more	abundant.	Atlas	tetrad	counts	(+0.1)	of	each	
species	were	logged	and	standardized,	so	that	abundances	were	rela-
tive	to	species‐specific	maximum	tetrad	counts.	Relative	abundances	
were	then	summed	across	species	to	provide	a	measure	of	background	
abundance	per	tetrad,	or	averaged	across	tetrads	within	hectads,	prior	
to	summing	across	species,	for	analysis	at	the	hectad	scale	(analyses	

TA B L E  1  Datasets	used	and	their	strengths	and	weaknesses	for	testing	whether	gamebird	releases	affect	predator	distribution	and	
abundance

Dataset Rationale Strengths Weaknesses

Bird	Atlas	
2007–2011

Allows	examination	of	spatial	associa-
tions	between	gamebird	and	predator	
abundance	in	the	breeding	season	and	
in	winter

Near‐complete	spatial	coverage,	counts	
in	breeding	season	and	winter.	Early	
winter	counts	close	in	time	to	game-
bird	releases

Gamebird	counts,	although	dominated	
by	releases,	will	include	naturalized	
populations	and	be	affected	by	mor-
tality.	Only	coarse	spatial	resolution

BTO/JNCC/
RSPB	
Breeding	Bird	
Survey	(BBS)

Allows	investigation	of	abundance	and	
population	change	over	time,	of	both	
predators	and	gamebirds.	Breeding	
season	gamebird	counts	reflect	numbers	
released,	but	also	mortality	and	dispersal	
following	autumn	releases

Annual	counts	allow	fine‐scale	tem-
poral	changes	to	be	analysed.	Finer	
spatial	scale

As	above,	and	randomized	rather	than	
complete	coverage.	No	winter	counts

Animal	and	
Plant	Health	
Agency	
(APHA)	regis-
ter	of	captive	
poultry

Data	provided	by	registered	poultry	keep-
ers	regarding	numbers	of	birds	held	in	
captivity

The	closest	data	available	to	real	num-
bers	of	gamebirds	released

Not	all	birds	reared	will	be	released,	or	
released	locally

https://www.gov.uk/guidance/poultry-registration
https://www.gov.uk/guidance/poultry-registration
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involving	 reared	gamebird	data).	The	number	of	 species	 recorded	 in	
each	tetrad	or	hectad	provided	measures	of	diversity	at	each	spatial	
scale.	The	same	approach	was	followed	to	calculate	background	abun-
dance	and	diversity	for	BBS	1‐km	squares.	The	proportions	of	the	four	
relevant	land‐cover	types	and	the	background	abundance	and	diver-
sity	indices	were	included	in	all	models	at	the	appropriate	scales	(per	
1‐km	square,	tetrad	and	hectad	for	analyses	involving	BBS,	Atlas	only	
and	reared	gamebird	data	respectively).

2.3 | Analysis

The	 analyses	 conducted	 are	 summarized	 in	 Table	 2.	 Species	were	
split	into	predators	(buzzard,	magpie,	jay,	raven	and	carrion/hooded	
crow)	and	gamebirds	(red‐legged	partridge	and	pheasant).	Given	the	
relatively	poor	BBS	coverage	of	upland	areas	and	consequent	lower	
analytical	power	(Cook,	Waltho,	Evans,	&	Wernham,	2011),	and	the	
concentration	of	gamebird	releases	 in	the	 lowlands	(Bicknell	et	al.,	
2010),	analysis	of	the	relationships	between	gamebirds	and	preda-
tors	 was	 restricted	 to	 lowland	 areas,	 identified	 using	 LCM	 2000	
data.	Each	1‐km	square	was	 classified	as	 rural	 lowland	 if	<30%	of	
the	 square	was	 covered	 by	 upland	 habitats	 (heath,	mire,	 and	 acid	
grassland)	or	continuous	urban	land.	Tetrads	and	hectads	were	de-
fined	as	rural	lowland	if	fewer	than	25%	of	the	1‐km	squares	within	
them	were	defined	as	‘upland’	or	urban	(Ainsworth	et	al.,	2016).	In	
practice,	 the	maximum	upland	coverage	of	 tetrads	 included	 in	 the	
analysis	was	41%.

2.3.1 | Spatial analysis

Spatial	 analyses	 were	 conducted	 at	 two	 different	 scales.	 Due	 to	
the	availability	of	reared	gamebird	data,	all	analyses	involving	these	
data	were	at	the	hectad	scale.	For	the	analyses	using	Atlas	data	(i.e.	

associations	between	free‐roaming	gamebirds	and	predators/scav-
engers),	we	made	maximum	use	 of	 these	 data	 by	modelling	 asso-
ciations	at	the	tetrad	level.	Appropriate	modelling	approaches	were	
chosen	for	each	scale.

2.3.2 | Spatial analysis using reared gamebird data 
(Analyses 1 and 2 in Table 2)

We	examined	associations	between	numbers	of	 reared	gamebirds	
and	early	winter	 (November–December)	counts	of	gamebirds	from	
Bird	Atlas	2007–2011,	to	assess	the	concordance	in	spatial	variation	
between	these	pre‐	and	post‐release	datasets,	given	their	respective	
strengths	and	weaknesses	(Table	1).	By	using	the	Atlas	counts	clos-
est	to	the	time	of	releases,	when	associations	between	the	gamebird	
resource	in	the	countryside	and	the	reared	birds	will	be	strongest,	
we	can	assess	not	only	how	free‐roaming	gamebird	distributions	are	
influenced	by	reared	birds,	but	also	how	the	reared	data	reflect	re-
leases	at	this	scale.

Reared	bird	data	were	mapped	to	illustrate	the	distribution	of	
captive	gamebirds.	We	used	kriging	(Press,	Teukolsky,	Vetterling,	
&	 Flannery,	 2007),	 in	 ArcGIS	 version	 10.1	 (ESRI	 Ltd,	 2012),	 to	
smooth	 the	 spatial	 variation	 in	 abundance,	 in	 order	 to	 facilitate	
visual	 interpretation	of	 the	patterns	and	comparisons	with	Atlas	
maps	(Figure	1).

Analyses	of	raw	(rather	than	kriged)	reared	bird	data	and	avian	
predator	 counts	 from	 breeding	 season	Atlas	 data	were	 tested	 for	
spatial	 associations.	Atlas	 counts	of	 gamebirds	 and	predator/scav-
enger	 species	 were	 summed	 across	 all	 surveyed	 tetrads	 within	 a	
hectad.	Variation	 in	these	abundances	was	analysed	with	negative	
binomial	generalized	linear	models	(GLMs),	using	the	glm.nb	func-
tion	 in	 the	MASS	 package	 (Venables	 &	 Ripley,	 2002)	 in	 r	 3.1.2	 (R	
Core	Team,	2015),	 including	the	number	of	contributing	tetrads	as	

TA B L E  2  Analyses	undertaken	to	fulfil	the	ultimate	aim	of	establishing	whether	gamebird	releases	are	associated	with	predator	
distribution	and	abundance

 Response Predictor Aim (numbered hypothesis) Scale Type

1. Early	winter	Atlas	
gamebirds

APHA	gamebirds Are	wild	bird	numbers	represented	by	those	
of	captive	birds?	High	correlations	would	
make	other	data	sources	unnecessary;	other	
significant	associations	would	support	use	of	
multiple	datasets.	(1)

10	×	10	km Spatial

2. Breeding	Atlas	
predators

APHA	gamebirds Are	predator	abundances	in	the	breeding	
season	associated	with	reared	gamebird	
numbers?	(2)

10	×	10	km Spatial

3. Breeding	Atlas	
predators

Breeding	Atlas	
gamebirds

Are	predator	numbers	in	the	breeding	season	
associated	with	local	gamebird	numbers?	
Although	numbers	of	wild	birds	may	be	cor-
related	with	those	released	(analysis	1),	this	
does	not	necessarily	inform	about	effects	of	
gamebird	release.	(2)

2	×	2	km Spatial

4. BBS	predators	(year	
n)

BBS	gamebirds	(year	
n)

Are	inter‐annual	changes	in	predator	abun-
dance	associated	with	gamebird	abundance?	
(3)

1	×	1	km Spatio‐tem-
poral
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an	offset.	Atlas	abundance	was	modelled	as	a	function	of	linear	and	
squared	terms	of	reared	pheasant	or	red‐legged	partridge	numbers	
(log‐transformed).

Gaussian	GLMs	with	correlation	structures	were	used	to	test	for	
spatial	autocorrelation,	using	the	lme	function	in	R.	The	models	took	
log	abundance	of	buzzard	 (winter),	woodpigeon	 (breeding)	or	 free‐
roaming	pheasant	(breeding)	as	their	responses.	For	each	response	
variable,	we	compared	a	fully	specified	model	including	all	explana-
tory	variables	to	the	same	model	with	a	model‐estimated	exponen-
tial	correlation	structure,	 that	 is,	assuming	an	exponential	decay	 in	
correlation	with	distance	to	other	hectads.	For	each	response,	model	
fit	and	parsimony	were	assessed	according	to	values	of	r2	and	small	
sample	size‐corrected	Akaike	 information	criterion	 (AICc;	Burnham	
&	Anderson,	2002).	In	all	cases,	the	inclusion	of	a	correlation	struc-
ture	did	not	improve	model	fit	(Appendix	S1;	Table	S1.2).	This	is	not	
surprising,	as	the	scale	at	which	spatial	analyses	of	associations	with	
captive	gamebirds	were	carried	out	(10	km)	was	the	scale	most	suited	
to	account	for	spatial	autocorrelation	in	other	analyses	(see	below).

Analyses	 of	 gamebirds	 only	 utilized	 data	 from	 1,750	 hectads	
in	Britain	for	which	APHA	data	and	early	winter	Atlas	counts	were	
available.	Analyses	of	predators	were	carried	out	on	breeding	sea-
son	 data	 from	 2,176	 rural	 lowland	 hectads.	 For	 each	 species,	 all	

combinations	 of	 the	 explanatory	 variables	 were	 fitted	 using	 the	
dredge	function	in	the	R	package	MuMIn	(Barton,	2018),	and	mod-
els	were	ranked	by	AICc	to	identify	the	most	parsimonious	model.	
Parameter	 estimates	 and	 standard	 errors	 for	 linear	 and	 squared	
gamebird	terms	were	extracted	from	the	best	model	(when	included	
in	this	model).	If	the	relevant	gambird	term	was	absent	from	the	final	
model,	parameter	estimates	from	an	expanded	version	of	the	best	
model	were	 shown	 to	 illustrate	 the	 form	of	 possible	 relationships	
had	more	statistical	power	been	available.

To	assess	the	proportion	of	variation	in	abundance	accounted	
for	 by	 reared	 gamebirds,	 pseudo	 r‐squared	 values	 (McFadden's	
rho;	Faraway,	2006)	were	calculated	for	models	with	only	reared	
gamebird	terms,	with	only	land	use	and	habitat	quality	terms,	and	
with	all	significant	habitat	quality	terms	and	both	reared	gamebird	
terms.

2.3.3 | Spatial analysis using gamebird abundance 
(Bird Atlas) data (Analyses 3 in Table 2)

Associations	between	predator	and	gamebird	abundance	within	the	
breeding	season	were	examined	at	the	tetrad	scale,	using	general-
ized	estimating	equations	(GEEs)	within	the	generalized	linear	model	
procedure,	GENMOD,	in	SAS	9.4	(SAS	Institute,	2012).	This	allowed	
explicit	incorporation	of	a	correlation	structure	to	account	for	spa-
tial	autocorrelation	between	adjacent	tetrads.	Preliminary	analyses	
revealed	that	autocorrelation	was	best	accounted	for	using	10‐km	
blocks	(lowest	Quasi‐information	criterion	[QIC]	values	among	mod-
els	considering	10‐km	to	100‐km	blocks,	(Appendix	S1,	Table	S1.3).	
Again,	 predator	 counts	were	modelled	 as	 a	 function	 of	 log‐trans-
formed	 counts	 of	 each	 gamebird	 species	 in	 turn	 (both	 linear	 and	
squared	terms,	inspecting	QIC	values	to	select	important	variables),	
and	total	gamebird	biomass,	with	negative	binomial	errors	and	 log	
link.	Total	biomass	was	calculated	by	multiplying	 species	count	by	
body	weight	(0.49	and	1.19	kg	for	red‐legged	partridge	and	pheas-
ant,	respectively;	Robinson,	2017).

2.3.4 | Temporal analysis of BBS data (Analyses 4 in 
Table 2)

Associations	between	 inter‐annual	changes	 in	predator	abundance	
between	 1995	 and	 2015	 and	 gamebird	 abundances	were	 investi-
gated	using	the	Freeman	and	Newson	(2008)	GLM	method,	which	
makes	maximum	use	of	 the	spatial	and	temporal	 replication	 in	the	
data	to	model	ratio	changes	between	adjacent	time	points.	The	out-
puts	 describe	 the	 additional	 effects	 of	 predictors	 on	 inter‐annual	
growth	rates.	Changes	 in	predator	maximum	BBS	counts	per	1‐km	
square	were	modelled	as	a	 function	of	BBS	gamebird	counts	 (log‐
transformed).	Models	were	fitted	with	negative	binomial	errors	and	
log	link.	BBS	data	do	not	inform	directly	about	winter	gamebird	num-
bers	 (Table	1),	 but	numbers	 in	 the	 following	breeding	 season	may	
reflect	local	winter	releases.	Therefore,	models	of	predator	change	
between	 year	 n−1	 and	 year	 n	were	 run	 using	 gamebird	 counts	 in	
year	n.	Note	that	analyses	using	different	combinations	of	year	n−1	

F I G U R E  1  Distribution	of	reared	pheasants	(top)	and	red‐legged	
partridges	(bottom)	in	2010,	and	breeding	abundance	of	these	
species	from	the	2007	to	2011	Bird	Atlas	(Balmer	et	al.,	2013).	
Intensity	of	colour	indicates	density	of	birds.	Maps	for	the	reared	
data	were	derived	by	kriging	in	ArcGIS	version	10.1	(ESRI	Ltd,	
2012),	using	an	exponential	semivariogram	model	with	a	search	
radius	of	25	points,	and	with	cell	size	of	both	input	and	output	
rasters	set	at	10	km
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and	year	n	prey	data	produced	similar	results	(Appendix	S2;	Tables	
S2.7	&	S2.8),	reflecting	high	correlations	between	numbers	 in	suc-
cessive	years	(r	=	0.7).

3  | RESULTS

3.1 | Reared poultry data

A	 total	 of	 34,331,376	 pheasants	 and	 12,617,080	 red‐legged	 par-
tridges	were	recorded	as	being	held	in	captivity	in	2010.	Holdings	of	
fewer	than	50	birds	for	which	reporting	are	not	mandatory	accounted	
for	439	pheasants	and	802	red‐legged	partridges.	Additional,	small	
flocks	may	have	gone	unrecorded.

3.2 | Distribution of reared gamebirds: correlation 
between reared data (APHA) and observed free‐living 
birds (Bird Atlas) (Analyses 1 in Table 2)

The	distributions	of	5‐km	squares	with	 reared	pheasants	and	 red‐
legged	partridges	were	highly	skewed:	6.8%	were	reported	to	hold	
red‐legged	 partridges	 and	 11.7%	 held	 pheasants	 in	 2010.	 Even	
within	these,	birds	were	unevenly	distributed;	20%	of	squares	with	
pheasants	accounted	for	80%	of	the	total.

Reared	 bird	 numbers	 were	 positively	 related	 to	 free‐roaming	
gamebird	 abundance	 (Figure	2,	 see	 also	Appendix	 S2;	Table	 S2.1),	
explaining	20.2%	of	 the	variation	for	pheasant	and	16.4%	for	 red‐
legged	partridge	 abundance.	This	 suggests	 that	 released	birds	 are	
an	important	determinant	of	overall	free‐roaming	abundance,	as	in-
dicated	by	visual	comparison	of	reared	and	Atlas	data	(Figure	1).	For	
context,	reared	gamebirds	explained	a	lower	proportion	of	variation	
in	four	non‐game	farmland	species;	the	maximum	amount	of	extra	
variation	explained	by	gamebirds	over	and	above	that	explained	by	
habitat	was	2.8%	for	non‐game	species,	compared	to	14.2%	for	free‐
roaming	gamebirds	(Appendix	S3;	Table	S3.1).

3.3 | Spatial associations between reared gamebirds 
(APHA data) and predator abundance (Bird Atlas data) 
(Analyses 2 in Table 2)

Numbers	 of	 reared	 pheasants	 were	 positively	 associated	 with	
the	abundance	of	buzzards,	 jays	and	magpies	 in	 the	breeding	sea-
son,	 and	 red‐legged	partridge	numbers	were	positively	 associated	
with	 jay	 abundance	 (Figure	 3,	 see	 also	 Appendix	 S2;	 Table	 S2.2).	
Significant	 quadratic	 associations	 indicate	 trough‐shaped	 relation-
ships	 between	 reared	 gamebirds	 (both	 pheasant	 and	 red‐legged	
partridge)	and	raven	abundance.	However,	gamebirds	explained	less	
variation	in	predator	abundance	than	land	cover	or	habitat	quality:	
up	to	4.3%–5.7%	for	 raven	 (Appendix	S2;	Table	S2.2).	Considering	
land	 cover	 and	 habitat	 quality	 variables,	 0	 and	 1.8%	of	 the	 varia-
tion	 in	 raven	abundance	could	only	be	explained	by	 reared	game-
bird	data	for	red‐legged	partridge	and	pheasant	respectively.	Very	
similar	patterns	were	found	between	reared	gamebirds	and	predator	
abundance	in	winter	(Appendix	S2;	Table	S2.3),	with	some	additional	
positive	associations.

3.4 | Spatial associations between gamebird and 
predator abundance (Bird Atlas data; Analyses 3 in 
Table 2)

Within	the	breeding	season,	numbers	of	pheasants	and	total	gamebird	
biomass	were	positively	associated	with	buzzard,	crow	and	jay	abun-
dance	(Figure	4,	see	also	Appendix	S2;	Table	S2.4;	the	buzzard	pattern	
was	 quadratic	 but	monotonic).	 Red‐legged	 partridge	 numbers	were	
positively	 associated	with	 buzzard	 abundance,	 but	were	 associated	
with	crow	abundance	via	significant	quadratic	relationship,	which	de-
scribed	a	shallow	curve,	becoming	positive	at	high	red‐legged	partridge	
abundance	(Figure	4).	All	gamebird	variables	were	negatively	associ-
ated	with	magpie	abundance.	Within	winter,	significant	associations	
between	gamebird	and	predator	abundances	were	more	numerous,	

F I G U R E  2  Modelled	associations	
between	reared	and	free‐roaming	
gamebirds,	dotted	lines	represent	95%	
confidence	limits
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but	broadly	similar	 (Appendix	S2;	Table	S2.5),	while	associations	be-
tween	winter	gamebird	numbers	and	breeding	predator	abundances	
(Appendix	S2;	Table	S2.6)	were	very	similar	to	those	in	summer.

3.5 | Spatio‐temporal associations (Analyses 4 in 
Table 2)

Numbers	of	pheasants	and	red‐legged	partridges,	and	total	game-
bird	 biomass,	 were	 positively	 associated	 with	 population	 growth	
rates	of	crows	and	raven	(Figure	5,	see	also	Appendix	S2;	Table	S2.7),	
and	 red‐legged	 partridge	 was	 positively	 associated	 with	 buzzard	
and	 jay	population	change.	A	further	positive	association	between	
gamebird	biomass	and	buzzard	population	growth	rates	approached	
significance	(p	<	0.1).

4  | DISCUSSION

We	 used	 all	 available	 datasets	 and	 specifically	 tailored	 analyses	
(Tables	1	and	2)	to	test	for	impacts	of	gamebird	releases	on	generalist	

predator	abundance.	Although	responses	varied,	there	was	a	general	
pattern	of	positive	associations	between	gamebirds	and	the	preda-
tors	tested,	both	spatially	and	temporally.	Similar	associations	have	
been	 suggested	 (Bicknell	 et	 al.,	 2010)	 or	 described	 at	 local	 scales	
for	 other	 predator	 and	 game	 species	 in	 Europe	 (Beja	 et	 al.,	 2009;	
Valkama	et	al.,	2005),	but	this	is	the	first	time	that	such	associations	
between	 predators	 and	 released	 gamebirds	 have	 been	 found	 at	 a	
national	scale.

We	 present	 evidence	 that	 patterns	 of	 spatial	 variation	 in	 the	
abundance	of	free‐roaming,	non‐native	gamebirds	across	Britain	are	
determined	by	 gamebird	 releases,	which	 explained	more	 variation	
than	land‐use	or	habitat	variables.	The	results	are	correlative,	but	al-
ternative	explanations,	such	as	rearing	activities	being	concentrated	
in	 landscapes	 that	 are	most	 suitable	 for	 free‐roaming	 populations	
of	these	species,	are	not	supported	by	the	weaker	associations	with	
other	 ecologically	 comparable	 species	 (kestrel,	woodpigeon,	 rook,	
greenfinch;	Appendix	S3;	Table	S3.1).	 If,	however,	 the	associations	
between	 reared	 gamebirds	 and	 these	 four	 species	 had	been	 simi-
lar	to	those	between	free‐roaming	and	reared	gamebirds,	 it	would	
suggest	 that	 the	 associations	 between	 reared	 and	 free‐roaming	

F I G U R E  3  Modelled	associations	
between	avian	predators/scavengers	and	
reared	gamebirds,	dotted	lines	represent	
95%	confidence	limits.	Only	significant	
associations	are	shown,	and	in	all	cases	
the	associations	with	biomass	and	
pheasant	were	similar	so	only	the	biomass	
association	is	shown
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gamebirds	had	other	causes.	Furthermore,	without	annual	 supple-
mentation	by	reared	birds,	free‐roaming	populations	of	non‐native	
gamebirds	might	well	have	declined	in	recent	years,	like	other,	native	
farmland	birds	(Harris	et	al.,	2019;	Robertson	et	al.,	2017).

Different	datasets	were	used	to	obtain	an	integrated	picture	of	
effects	of	gamebird	releases	on	predator	abundance	and	population	
growth	 rates	 (Tables	1	and	2).	Each	gamebird	dataset	 is	an	 imper-
fect	 proxy	 for	 the	 real	 quantities	 released	 (Table	 1),	 so	 individual	

relationships	might	reflect	confounding	factors	and	not	be	reliable,	
and	spatially	explicit	gamebird	release	figures	data	would	have	sup-
ported	stronger	analyses.	However,	the	number	of	positive	(or	pre-
dominantly	positive)	associations	between	gamebirds	and	predators	
from	diverse	sources	of	information	suggest	some	common	underly-
ing	relationships.	The	relationship	between	Atlas	measures	of	game-
bird	 abundance	 and	 reared	 bird	 data	 suggests	 that	 both	 datasets	
inform	about	the	resource	that	is	potentially	available	to	predators	in	

F I G U R E  4  Modelled	associations	
between	avian	predators/scavengers	and	
free‐roaming	gamebirds,	dotted	lines	
represent	95%	confidence	limits.	Only	
significant	associations	are	shown,	and	
in	all	cases	the	associations	with	biomass	
and	pheasant	were	similar	so	only	the	
biomass	association	is	shown



     |  9Journal of Applied EcologyPRINGLE Et aL.

winter.	Including	measures	of	land	use	and	habitat	quality	as	covari-
ates	in	the	models	controlled	for	common	responses	by	gamebirds	
and	predators	to	gross	environmental	conditions.	Furthermore,	the	
analyses	 inform	 about	 patterns	 at	 a	 national	 scale,	 where	 experi-
mental	approaches	are	not	feasible.	Overall,	the	results	suggest	that,	
after	accounting	for	habitat	effects	(which	may	not	be	independent	
of	releases),	gamebird	releases	have	a	significant,	positive	effect	on	
the	abundance	and	population	growth	rate	of	several	avian	general-
ist	predators.

By	 increasing	 winter	 food	 resources,	 gamebird	 releases	 may	
loosen	density‐dependent	mortality	constraints	on	predator	popu-
lations.	In	the	breeding	season,	other	food	sources	may	be	relatively	
plentiful	(Bicknell	et	al.,	2010),	and	the	frequency	of	significant	as-
sociations	with	winter	gamebird	numbers	(Appendix	S2;	Table	S2.5)	
suggests	a	stronger	effect	of	winter	food	availability	on	predators.	
As	gamebirds	are	released	in	winter,	this	further	supports	a	causal	

relationship	between	releases	and	predator	abundance.	In	this	con-
text,	 gamebird	 resources	 could	 also	 support	 populations	 of	 other	
predators,	 including	mammals	and	specialist	birds,	such	as	red	fox,	
Mustela	 spp.,	 badger	Meles meles	 and	 red	 kite	Milvus milvus	 in	 the	
UK,	 but	 data	 availability	 precluded	 consideration	of	 these	 species	
in	this	study.

Nevertheless,	 gamebird	 resources	 are	 unlikely	 to	 be	 the	 only	
driver	of	predator	numbers.	Some	important	determinants	of	vari-
ation	 in	 predator	 abundance	 (e.g.	 for	 crows,	 standard	 trees	 for	
nesting	 and	 short‐grazed	 grassland	 for	 foraging;	 Yom‐Tov,	 1974;	
Waite,	1984)	are	not	available	in	national‐scale	habitat	data.	The	re-
lationship	between	gamebirds	and	predators	may	also	interact	with	
other	 factors	 that	 are	 associated	 with	 shooting,	 including	 habitat	
management,	food	provision	and	(legal	and	illegal)	predator	control	
(e.g.	Gregory	&	Marchant,	1996;	Smart	et	al.,	2010).	The	strength	of	
predator	responses	to	gamebird	numbers	will	depend	on	the	relative	

F I G U R E  5  Population	growth	rates	of	
generalist	predators/scavengers	and	the	
additional	effect	of	100	pheasants	(PH)	or	
red‐legged	partridges	(RL),	or	100	kg	of	
total	non‐native	gamebird	biomass	(BM).	
Additional	effects	are	only	shown	where	
statistically	significant.	The	number	of	
unique	BBS	squares	in	which	the	species	
occurred	is	given	adjacent	to	gamebird	
codes.
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importance	of	gamebirds	as	a	food	resource.	The	inclusion	of	other	
food	resources	important	to	the	selected	predators	and	scavengers	
would	also	have	been	of	value	but	data	availability	precluded	this.	
The	extent	to	which	predator	and	gamebird	distributions	overlap	is	
also	a	factor;	 jays	will	be	more	abundant	 in	woodland	or	suburban	
habitats	than	 in	farmland,	while	the	opposite	 is	true	of	gamebirds.	
Although	 expanding	 into	 many	 lowland	 areas,	 raven	 populations	
are	still	largest	in	the	uplands	(Balmer	et	al.,	2013).	This	may	explain	
the	 initially	 negative	 associations	 between	 gamebirds	 and	 ravens,	
while	the	positive	associations	at	high	gamebird	densities	could	in-
dicate	preferential	colonization	of	lowland	areas	with	plentiful	food	
resources.

Increases	in	the	abundance	of	avian	predators	at	a	local	scale	
could	have	implications	for	other	prey	species.	In	other	systems,	
increases	 in	the	amount	of	food	available	to	predators,	whether	
via	 deliberate	provisioning	or	 as	 a	 by‐product	of	 anthropogenic	
activities	 such	 as	 harvesting,	 have	 been	 linked	 to	 increases	 in	
nest	 predation	 (Newsome	 et	 al.,	 2015;	 Rees,	 Webb,	 Crowther,	
&	Letnic,	2015;	Selva,	Berezowska‐Cnota,	&	Elguero‐Claramunt,	
2014).	 In	 the	 UK,	 beneficial	 effects	 of	 control	 or	 experimental	
removal	of	predators	on	other	birds	at	 small	 scales	 (Roos	et	al.,	
2018;	White,	Stoate,	Szczur,	&	Norris,	2014),	suggest	 that	some	
species	could	be	negatively	impacted	by	any	increases	in	preda-
tors.	 Conversely,	 sufficiently	 intensive	 and	 large‐scale	 predator	
control	 associated	 with	 intensive	 gamebird	 releases	 could	 de-
press	 predator	 numbers,	 potentially	 explaining	 the	 negative	 as-
sociations	observed	between	gamebirds	and	magpie	abundance.	
The	efficacy	of	control	will	depend	on	factors	such	as	resources	
available	for	gamekeepers	and	predator	demography:	control	may	
be	less	efficient	for	a	highly	mobile	species	with	high	fecundity	or	
an	abundant	non‐breeding	population,	so	that	removed	birds	are	
easily	replaced	(Lees	et	al.,	2013).	However,	the	prevailing	pattern	
for	 positive	 associations	 of	 gamebird	 numbers	 with	 predators	
suggests	that,	at	the	landscape	scale,	levels	of	control	associated	
with	 releases	generally	do	not	overcome	the	positive	effects	of	
resource	provision.

5  | CONCLUSIONS

Our	findings	indicate	that	gamebird	releases	at	least	partly	drive	
the	variation	in	the	free‐roaming	abundance	of	non‐native	game-
birds	 in	Britain.	 Furthermore,	we	 show	 that	 the	 abundances	of	
some	 avian	 predators	 are	 positively	 associated	 with	 gamebird	
numbers.	 Experimental	 comparison	 of	 the	 abundance	 and	 be-
haviour	 of	 predator	 and	 prey	 species	 between	 areas	with	 con-
trasting	 levels	 of	 gamebird	 release	 and	predator	 control	would	
be	valuable,	 and	could	be	conducted	 in	 the	context	of	 trials	of	
restrictions	on	releases	as	a	conservation	measure.	Quantitative	
monitoring	 of	 the	 spatial	 distribution	 and	 timing	 of	 gamebird	
releases	would	also	clarify	 food	resource	availability	and	 facili-
tate	future,	correlative	analyses.	However,	 results	of	this	study	
indicate	 that	 reducing	 gamebird	 releases	 could	make	 effective	

and	 sustainable	 contribution	 to	 solving	 conservation	 problems	
in	which	effects	of	predators	on	prey	populations	are	implicated	
(e.g.	Franks,	Douglas,	Gillings,	&	Pearce‐Higgins,	2017;	Roos	et	
al.,	 2018)	 and	where	 the	 positive	 effects	 on	 the	 predators	 are	
not	regarded	as	desirable.	Although	the	scale	of	non‐native	re-
leases	in	Britain	is	perhaps	amongst	the	highest	(Robertson	et	al.,	
2017),	 release	of	captive	birds	 to	supplement	hunting	stocks	 is	
common	elsewhere	(Arroyo	&	Beja,	2002;	Caro,	Delibes‐Mateos,	
Vicente,	 &	 Arroyo,	 2014;	 Mustin,	 Newey,	 Irvine,	 Arroyo,	 &	
Redpath,	2011).	Predation‐mediated	impacts	of	releases	on	eco-
systems	and	their	conservation	implications	could,	therefore,	be	
widespread.
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