
Ecology and Evolution. 2022;12:e9141.	 		 	 | 1 of 12
https://doi.org/10.1002/ece3.9141

www.ecolevol.org

Received:	28	January	2022  | Revised:	27	June	2022  | Accepted:	4	July	2022
DOI: 10.1002/ece3.9141  

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

From the Balkan towards Western Europe: Range expansion 
of the golden jackal (Canis aureus)— A climatic niche modeling 
approach

Sarah Cunze1  |   Sven Klimpel1,2

This is an open access article under the terms of the Creative	Commons	Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	
provided the original work is properly cited.
©	2022	The	Authors.	Ecology and Evolution	published	by	John	Wiley	&	Sons	Ltd.

1Institute of Ecology, Evolution and 
Diversity, Goethe- University, Frankfurt/
Main, Germany
2Senckenberg	Biodiversity	and	
Climate	Research	Centre,	Senckenberg	
Gesellschaft für Naturforschung, 
Frankfurt/Main, Germany

Correspondence
Sarah	Cunze,	Institute	of	Ecology,	
Evolution and Diversity, Goethe- 
University,	Max-	von-	Laue-	Str.	13,	
Frankfurt/Main D- 60438, Germany.
Email: cunze@bio.uni-frankfurt.de

Funding information
Deutsche	Bundesstiftung	Umwelt,	Grant/
Award	Number:	DBU	35524/01-	43;	
Uniscientia	Foundation,	Grant/Award	
Number:	P	180-	2021

Abstract
In recent decades, a rapid range expansion of the golden jackal (Canis aureus) towards 
Northern	and	Western	Europe	has	been	observed.	The	golden	 jackal	 is	a	medium-	
sized	canid,	with	a	broad	and	flexible	diet.	Almost	200	different	parasite	species	have	
been	 reported	worldwide	 from	C. aureus, including many parasites that are shared 
with	dogs	and	cats	and	parasite	species	of	public	health	concern.	As	parasites	may	
follow the range shifts of their host, the range expansion of the golden jackal could 
be	accompanied	by	changes	in	the	parasite	fauna	in	the	new	ecosystems.	In	the	new	
distribution	area,	the	golden	jackal	could	affect	ecosystem	equilibrium,	e.g.,	through	
changed competition situations or predation pressure. In a niche modeling approach, 
we	project	the	future	climatic	habitat	suitability	of	the	golden	jackal	in	Europe	in	the	
context	of	whether	climatic	changes	promote	range	expansion.	We	use	an	ensemble	
forecast	based	on	six	presence-	absence	algorithms	to	estimate	the	climatic	suitability	
of C. aureus	for	different	time	periods	up	to	the	year	2100	considering	different	IPCC	
scenarios	on	future	development.	As	predictor	variables,	we	used	six	bioclimatic	vari-
ables	provided	by	worldclim.	Our	results	clearly	indicate	that	areas	with	climatic	con-
ditions	analogous	to	those	of	the	current	core	distribution	area	of	the	golden	jackal	in	
Europe will strongly expand towards the north and the west in future decades. Thus, 
the	observed	range	expansion	may	be	favored	by	climate	change.	The	occurrence	of	
stable	populations	can	be	expected	in	Central	Europe.	With	regard	to	biodiversity	and	
public	health	concerns,	the	population	and	range	dynamics	of	the	golden	jackal	should	
be	surveyed.	Correlative	niche	models	provide	a	useful	and	frequently	applied	tool	for	
this	purpose.	The	results	can	help	to	make	monitoring	more	efficient	by	identifying	
areas	with	suitable	habitat	and	thus	a	higher	probability	of	occurrence.
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1  |  INTRODUC TION

In	the	face	of	global	change,	many	species	have	been	observed	to	
alter	 their	 distributional	 ranges	 and	 further	 changes	 are	 expected	
over the next decades (Dormann, 2007;	 Parmesan,	 2006). These 
changes are the result of a variety of different drivers and mecha-
nisms. Changes in climatic conditions are certainly of great relevance 
in	this	context	(Parmesan	&	Yohe,	2003). Intensification of agricul-
ture	and	changes	in	land	use	and	land	cover	causing	habitat	losses	
are	other	contributing	factors	(Agariga	et	al.,	2021; Egli et al., 2018; 
Smeraldo	 et	 al.,	2020).	 In	 addition,	 global	 trade	 and	 tourism	 have	
caused	biogeographical	boundaries	to	be	dissolved,	making	it	easier	
for	species	to	migrate	to	regions	that	have	been	inaccessible	before	
(Hobbs	et	al.,	2006).	As	a	result,	species	are	expected	to	expand	be-
yond	their	historic	ranges	and	may	occur	in	new	relative	abundances	
and	combinations	(Hobbs	et	al.,	2006). The introduction of new spe-
cies, or any change in species composition at all, leads to changes in 
biotic	interactions	in	terms	of	parasites,	predators,	and	competitors	
(Bertolino	et	al.,	2020; Dormann, 2007; Mayr et al., 2020;	Parmesan	
&	Yohe,	2003).	This	leads	to	modified	biocenoses	and	altered	eco-
systems	(Hobbs	et	al.,	2006; Jenssen et al., 2021).

The golden jackal (Canis aureus) is one of the species that has 
recently	observed	 to	alter	 its	 range	 (Jirků	et	 al.,	2018). For a long 
time,	the	distribution	of	the	golden	jackal	remained	restricted	to	the	
southeast	of	Eurasia	 (Arnold	et	 al.,	2012).	 Since	 the	19th	century,	
strong population fluctuations occurred with drastic declines, lead-
ing	to	local	extinctions	and	strong	increases	accompanied	by	a	rapid	
range expansion. The range expansion mainly started in the second 
half	of	the	20th	century	from	the	Balkans	along	the	Danube	basin	
towards	Central	Europe	(Arnold	et	al.,	2012;	Trouwborst	et	al.,	2015) 
and	 is	probably	 still	ongoing.	 It	 remains	 still	unclear	which	 factors	
promote	 or	 drive	 this	 area’s	 expansion	 (reported	 in	 Gherman	 &	
Mihalca, 2017;	Trouwborst	et	al.,	2015).

Meanwhile, C. aureus is a widespread species in Eurasia with 
a	 distribution	 focus	 in	 the	 South	 East	 (i.e.,	 the	 Balkans,	 Anatolia,	
and	 Caucasus).	 The	 current	 distributional	 range	 covers	 Arabian	
Peninsula,	 Middle	 East,	 and	 Caucasus	 eastwards	 into	 the	 Indian	
subcontinent	and	Southeast	Asia	with	the	highest	population	den-
sities	to	be	found	in	the	central	and	eastern	part	of	Balkan	Peninsula	
(Penezić	&	Ćirović,	 2015).	The	golden	 jackal	 has	been	 reported	 in	
33 European countries (Hatlauf et al., 2021)	with	established	pop-
ulations	 in	 about	 20	 European	 countries	 (reported	 in	 Trouwborst	
et al., 2015;	Gherman	&	Mihalca,	2017).

The	golden	 jackal	 is	a	medium-	sized	opportunistic	mesopreda-
tor	with	a	broad	range	of	food	categories,	including	small	mammals	
(mainly	rodents),	birds	(and	their	eggs),	amphibians,	reptiles,	inverte-
brates,	and	sporadically	plants	(especially	fruits)	(Farkas	et	al.,	2017; 
Gherman	&	Mihalca,	2017; Lange et al., 2021;	Lanszki	et	al.,	2016; 
Penezić	&	Ćirović,	2015; Torretta et al., 2021).	This	flexible	and	gen-
eralist diet of the golden jackal is supposed to promote the currently 
observed	 area	 expansion	 (Hatlauf	 et	 al.,	 2021). Its opportunistic 
omnivorous diet makes C. aureus a potential food competitor with 
the red fox (Vulpes vulpes; Farkas et al., 2017;	Lanszki	et	al.,	2016). 

Thus, Giannatos (2004) notes that the population densities of fox 
and	golden	jackal	may	strongly	interact	with	each	other.	Lanszki	and	
Heltai (2010)	on	the	other	hand,	state	that	the	available	biomass	of	
small	mammals	 in	 Europe	 is	 sufficient	 for	 both	 species	 to	 coexist	
without	resource	partitioning,	especially	in	view	of	the	flexible	diet	
of	both	species.

Golden jackals are suspected to avoid areas where wolves (top 
predators) occur. The decline of the wolf population in Central and 
Western	Europe	is	therefore	considered	as	a	possible	further	aspect	
that promotes the westward spread of the golden jackal (Krofel 
et al., 2017;	Spassov	&	Acosta-	Pankov,	2019). On a large scale, the 
ranges	of	both	species	may	overlap	and	this	 is	the	case	in	parts	of	
southwestern Europe (Chapron et al., 2014; Krofel et al., 2017), 
where	 the	 wolf	 is	 currently	 subjected	 to	 range	 dynamics	 as	 well	
(Szewczyk	et	al.,	2019).

Interacting with numerous other species (parasites, prey, 
and	 competitors)	 the	 golden	 jackal	 is	 part	 of	 complex	 food	webs,	
predator– prey relationships, and host– parasite relationships 
(Gherman	&	Mihalca,	2017; Lange et al., 2021;	Lanszki	et	al.,	2016). 
The species plays a prominent role in the ecosystem as a canid 
mesopredator.	Thus,	 its	 range	expansion	may	 lead	to	considerable	
changes in ecosystems.

This aspect is seen controversially in the literature. Hatlauf 
et al. (2021), state that so far no negative effects of the jackal on the 
ecosystem	are	known.	However,	in	Bulgaria,	where	the	jackal	occurs	
in	very	high	abundance,	the	species	is	supposed	to	cause	significant	
economic	damage	due	to	game	losses	(Stoyanov,	2012).

Implicated	in	the	epidemiological	cycle	of	a	vast	variety	of	zoo-
notic	pathogens,	 the	new	occurrence	of	 the	 species	 in	 substantial	
abundances	could	be	of	health	concern.	In	total,	194	parasite	species	
have	been	 reported	 in	 golden	 jackals	 (Gherman	&	Mihalca,	2017), 
including Echinococcus spp., hookworms, Toxocara spp., or 
Trichinella	 spp.,	which	 have	 a	 high	 zoonotic	 potential	 (Gherman	&	
Mihalca, 2017)	and	are	thus	of	high	public	health	relevance.	The	high	
diversity	of	parasites	in	the	golden	jackal	is	attributed	to	the	species'	
wide	 geographic	 range,	 extensive	 territorial	 mobility,	 large	 home	
ranges,	and	broad	food	spectrum	(Gherman	&	Mihalca,	2017)— this 
is	likely	to	be	similar	to	other	mesopredators	such	as	foxes	and	bad-
gers. Changes in spatial patterns may also involve the ranges and 
local	abundances	of	closely	interacting	species.	Thus,	parasite	spe-
cies of the golden jackal might follow its range expansions. Certain 
parasite	species	may	be	newly	introduced	in	this	area,	and	the	abun-
dance and prevalences of other species may change. For example, 
Balog	et	al.	(2021)	suggest	that	this	could	be	the	case	for	the	human	
pathogenic helminths Echinococcus multilocularis and Echinococcus 
granulosus s.l., which may also enhance their European range or 
local	abundances.	The	enhanced	emergence	of	Dirofilaria immitis in 
Hungary	over	 the	 last	12 years	 is	 associated	with	 the	 rising	 abun-
dance of the golden jackal as an important reservoir host for the 
heartworm	(Széll	et	al.,	2020).	As	a	canid	species,	the	golden	jackal	
is of particular parasitological interest, as many of its parasites may 
also	 infect	domestic	dogs	 (Gherman	&	Mihalca,	2017). The golden 
jackal	occupies	a	variety	of	habitats,	including	proximity	to	humans	
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(Amouei	et	al.,	2018; Meshgi et al., 2009;	Nabavi	et	al.,	2014). The 
diverse parasite fauna, including parasite species shared with dogs 
and cats, and human pathogenic species, underline the health rele-
vance of C. aureus	and	the	importance	of	addressing	its	distribution	
patterns.

1.1  |  Aims and scope

Here, we estimated the potential range expansion of the golden 
jackal	in	Europe.	Based	on	a	niche	modeling	approach,	we	projected	
the	climatic	habitat	suitability	for	C. aureus under current and future 
climatic conditions. For future conditions, we considered four shared 
socioeconomic	pathways	(SSPs)	provided	by	the	Intergovernmental	
Panel	on	Climate	Change	(IPCC),	accounting	for	different	scenarios	
of	future	development	based	on	different	climate	policies.

2  |  MATERIAL AND METHODS

2.1  |  Distributional data

We	 assembled	 distributional	 information	 for	 the	 golden	 jackal	
in Europe from various sources and compiled these into a map 
(Figure S1).	On	the	one	hand,	these	are	point	data	based	on	individual	
observations,	on	the	other	hand,	polygon	data	describing	the	core	
distribution	area.	In	particular,	occurrence	records	(point	data)	were	
taken	from	the	Global	Biodiversity	Information	Facility	GBIF	(www.
gbif.org) (https://doi.org/10.15468/	dl.fzbjxe, 14,003 records) and 
from vertnet (www.vertn et.org,	510	records),	both	as	of	3.12.2021,	
and	 literature	 (Arnold	et	al.,	2012; Hatlauf et al., 2021;	Kowalczyk	
et al., 2020;	Männil	&	Ranc,	2022; Rykov et al., 2022;	Sørensen	&	
Lindsø,	2021;	Trouwborst	et	al.,	2015; Zagorodniuk, 2014).	Polygon	
data	 was	 provided	 by	 the	 International	 Union	 for	 Conservation	
of Nature (IUCN, Hoffmann et al., 2018)	 and	 in	 literature	 (Arnold	
et al., 2012;	Trouwborst	et	al.,	2015).

We	 excluded	 point	 data	 from	 Africa	 for	 the	 following	 rea-
son: Recent phylogenetic studies have shown that at least two of 
the	 African	 subspecies	 should	 be	 recognized	 as	 distinct	 species	
(Gherman	 &	 Mihalca,	 2017). Koepfli et al. (2015) postulate that 
C. aureus anthus,	 with	 a	 distributional	 range	 in	 northern	 Africa	
(Hoffmann	&	Atickem,	2019), forms a separate monophyletic lin-
eage to C. aureus	and	should	be	recognized	as	a	separate	species.	
The Egyptian jackal (C. aureus lupaster)	 seems	 to	be	phylogeneti-
cally more closely related to other wolf- like canids from the gray 
wolf	species	complex	than	to	subspecies	of	the	golden	jackal	and	
should	 therefore	 also	 be	 considered	 separately	 (Knispel	 Rueness	
et al., 2011). In the present study, the European golden jackal 
(C. aureus moreoticus) is considered.

The	available	point	data	(Figure	S1)	seem	to	be	strongly	biased,	
over-	representing	the	edge	of	the	core	distribution.	These	observa-
tions	probably	refer	to	vagrant	individuals	rather	than	to	established	
occurrences	(Arnold	et	al.,	2012)	and,	because	they	are	considered	

somewhat	exceptional,	are	more	likely	to	be	reported	to,	e.g.,	GBIF,	
which	may	explain	this	bias.	We	therefore	decided	to	base	the	mod-
eling	mainly	on	polygon	data,	which	seem	to	be	more	reliable	and	
provide	a	better	representation	of	the	climatic	niche.	We	use	point	
data	within	 the	core	distribution	area	complementarily.	Point	data	
outside	 the	 core	 distribution	 area	were	 used	 to	 evaluate	 the	pro-
jected recent range expansion.

Based	on	the	polygon	data	describing	the	observed	core	distri-
bution	 of	 the	 golden	 jackal	 we	 draw	 randomly	 pseudo-	presences	
for	model	training.	We	considered	polygon	data	from	three	sources	
(Arnold	et	al.,	2012; Hoffmann et al., 2018;	Trouwborst	et	al.,	2015). 
These	polygons	differ	slightly	from	each	other	on	a	small	scale	but	
coincide	on	 a	 large	 scale.	 To	 take	 this	 variability	 into	 account,	we	
have drawn the pseudo- presences separately from each polygon. 
Consequently,	we	obtained	a	kind	of	consensus	data	set:	Areas	 in	
which the polygon data of several sources coincide are represented 
by	more	pseudo-	presences.	The	polygons	from	Arnold	et	al.	(2012) 
and	 Trouwborst	 et	 al.	 (2015)	 were	 represented	 by	 100	 pseudo-	
presences, the IUCN map (Hoffmann et al., 2018),	which	is	available	
for the entire range of C. aureus, in contrast to the previous ones, 
with	1000	pseudo-	absences.

We	restricted	the	study	area	to	the	northwest	of	the	range	of	the	
golden	jackal	with	an	extent	of	35°	North	to	60°	North	and	5°	West	
to	50°	East,	as	most	of	the	sources	of	distribution	data	we	consid-
ered relate to this area.

The pseudo- presences derived from the polygon data were sup-
plemented	 by	 point	 data	 from	 the	 above-	mentioned	 sources	with	
the	following	restrictions:	(a)	records	from	1970	onwards,	(b)	records	
within the IUCN range (Hoffmann et al., 2018), and (c) records that 
are not too closely located.

For	 the	 latter	 step,	 we	 applied	 the	 R	 package	 spThin	 (Aiello-	
Lammens et al., 2015).	All	occurrence	data	were	thinned	out	with	the	
minimum	distance	set	to	50 km	 in	order	to	reduce	spatial	autocor-
relation	and	to	counteract	the	unbalanced	distribution	of	occurrence	
data.	 This	means	 that	 the	minimum	distance	 between	 two	 occur-
rences	 in	 the	 final	 data	 set	 is	 at	 least	 50 km.	 This	 largely	 exceeds	
the	home	range,	which	is	given	with	different	sizes	in	the	literature,	
e.g.,	 11.2 km2	 on	 average	with	 a	 range	of	 1.3–	32.5	 km2 according 
to Fenton et al. (2021)	or	about	47.1	± 2.5	km2 according to Kamler 
et al. (2021).

The	final	data	set	for	modeling	contains	387	records	within	the	
study area (Figure S2).	We	randomly	split	 this	data	 into	a	test	and	
training	data	set	in	a	70:30	ratio.

2.2  |  Predictor variables

We	used	data	on	climatic	conditions	provided	by	worldclim	 (ver-
sion 2.0, www.world clim.org;	 Fick	 &	 Hijmans,	 2017). Nineteen 
so-	called	 bioclimatic	 variables	 are	 available	 referring	 to	 the	 cli-
matic conditions (monthly temperature and precipitation) empiri-
cally	recorded	over	a	period	of	30 years	from	1970	to	2000.	For	
model	 training,	we	 chose	 a	 subset	 of	 six	 variables	 that	 are	 only	

http://www.gbif.org
http://www.gbif.org
https://doi.org/10.15468/dl.fzbjxe
http://www.vertnet.org
http://www.worldclim.org
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slightly	 correlated	with	 one	 another.	We	 calculated	 the	Pearson	
correlation	 coefficients	 for	 each	pair	 of	 the	19	bioclim	variables	
using the function cor	of	R's	stats	package	(R	Development	Core	
Team, 2021) and clustered them in a dendrogram using the dis-
similarity	measure	1−|rP| and a threshold of 0.3 (i.e., |rP| < .7,	 see	
Figure S3). This is the most commonly applied threshold to reduce 
collinearity in the environmental data sets (Dormann et al., 2013). 
We	then	excluded	bio08,	bio09,	bio18,	and	bio19,	which	combine	
temperature and precipitation information in one layer. They show 
weird	 spatial	 discontinuities	 that	 are	 presumably	 not	 existent	 in	
the	environmental	conditions	and	should	therefore	be	interpreted	
as	anomalies	(Ruiz	Barlett	et	al.,	2019).

From	 each	 cluster	 with	 several	 intercorrelated	 variables	
(Figure S3), we chose one representative that we consider to 
be	 ecologically	 relevant	 or	 that	 appears	 to	 be	 easy	 to	 interpret.	
Specifically,	 we	 chose	 isothermality	 (bio03),	 temperature	 sea-
sonality	 (bio04),	 maximum	 temperature	 of	 the	 warmest	 month	
(bio05),	minimum	temperature	of	 the	coldest	month	 (bio06),	 an-
nual	 precipitation	 (bio12),	 and	 precipitation	 seasonality	 (bio15).	
These	variables	are	only	little	correlated	(|rP| < .7,	Table	S1) among 
each other.

Data on climatic conditions were downloaded at a spatial reso-
lution	of	2.5	arc	minutes	and	cropped	to	the	extent	of	35°	North	to	
60°	North	and	5°	West	to	50°	East.	For	this	area	reliable	distribution	
data	is	available.

2.3  |  Ecological niche modeling

We	projected	the	habitat	suitability	for	C. aureus under current and 
future	 climatic	 conditions	 based	 on	 an	 ecological	 niche	 modeling	
approach.	We	performed	ensemble	forecasting	(EF),	which	applies	
several	 statistical	 algorithms	and	combines	 them	 into	a	consensus	
model	 (Araújo	&	New,	2007). This consensus model is considered 
a	 more	 robust	 estimator	 and	 thus	 superior	 to	 individual	 models	
(Marmion et al., 2009).

Sillero	 (2011)	 points	 out	 that	 problems	 can	 arise	 when	 com-
bining	 the	 results	 of	 different	 approaches,	 e.g.,	 approaches	 based	
on	 different	 input	 data.	 In	 general,	 one	 distinguishes	 between	
presence-	absence	 models	 (e.g.,	 regression),	 presence-	background	
models (e.g., the maximum entropy approach) and presence- only 
models	 (e.g.,	 climate	 envelope	 approaches).	 If	 reliable	 informa-
tion	on	species	absence	 is	available,	presence-	absence	models	are	
preferable	 to	 presence-	only	 models,	 and	 presence-	background	
approaches.	Thus,	we	consider	the	following	six	presence-	absence	
approaches	from	the	algorithms	implemented	in	the	R	package	bio-
mod2	(Thuiller,	Georges,	Engler,	&	Breiner,	2021; Thuiller, Georges, 
Gueguen, et al., 2021):	ANN—	artificial	 neuronal	networks;	GAM—	
generalized	 additive	 models;	 GBM—	generalized	 boosted	 models;	
GLM—	generalized	 linear	models;	 FDA—	flexible	 discriminant	 analy-
sis; and RF— Random Forest.

Ten	thousand	pseudo-	absences	were	chosen	at	random,	but	the	
area	 close	 to	 the	 observed	 occurrences	 of	 the	 golden	 jackal	 was	

excluded (distance <80 km),	 as	 closely	 located	 sites	 tend	 to	 show	
similar environmental conditions and thus the same niche (disk strat-
egy	implemented	in	the	biomod2	package).

The models were run using the following single algorithm pa-
rameters:	For	 the	ANN,	we	used	 five	cross-	validations	 to	 find	 the	
best	size	and	decay	parameters,	and	set	the	initial	random	weights	
on	 [−0.1,	0.1]	with	200	 iterations	at	maximum.	For	GAM	we	used	
a	binomial	distribution	and	 logit	 link	function.	GBM	were	run	with	
a	maximum	of	2500	trees	to	ensure	fitting,	a	minimum	number	of	
observations	in	trees'	terminal	nodes	of	10,	a	learning	rate	of	0.01,	
and	an	 interaction	depth	of	7.	To	generate	the	GLM,	we	applied	a	
stepwise	feature	selection	with	quadratic	terms	based	on	the	Akaike	
Information	Criterion	(AIC).	The	flexible	discriminant	analysis	(FDA)	
was run with the method mars.	RF	was	applied	with	500	trees	and	
a	node	size	of	5.

The consensus map represents the weighted average of the 
single	results	of	the	six	algorithms	considered.	Weighting	is	done	
with the respective area under the receiver- operating character-
istic	 curve—	AUC	 (Fielding	&	 Bell,	 1997) value. Only those algo-
rithms	 are	 included	with	 an	 AUC	 exceeding	 a	 certain	 threshold	
(here	0.85).

For	model	evaluation,	we	used	the	AUC	value	as	a	threshold	in-
dependent	performance	measure	(Fielding	&	Bell,	1997), and Kappa 
(Cohen, 1960)	and	the	true	skill	statistics	(TSS;	Allouche	et	al.,	2006). 
Kappa	 is	 the	 proportion	 of	 specific	 agreement	 and	 can	 be	 inter-
preted as followed: Kappa < 0.4:	poor;	0.4	< Kappa < 0.75:	good;	and	
Kappa > 0.75:	excellent	(Fielding	&	Bell,	1997).

In	 order	 to	 project	 the	 future	 climatic	 suitability	 for	C. aureus 
we used data on future climate conditions according to the fifth 
IPCC	 report	 (IPCC,	 2014) accounting for four shared socioeco-
nomic	pathways	(SSPs),	1.26,	2.45,	3.70,	and	5.85,	processed	based	
on	 the	 CNRM-	ESM2-	1	 Global	 Circulation	 model	 (Seferian,	 2018). 
Considering	different	SSPs,	we	accounted	for	different	scenarios	of	
future	development	based	on	different	climate	policies	(SSP1:	sus-
tainability,	SSP2:	middle	paths,	SSP3:	 regional	 rivalry,	SSP5:	 fossil-	
fueled development).

In order to evaluate if, to what extent, and where extrapola-
tions	 can	 occur	 when	 projecting	 future	 habitat	 suitability	 (Elith	
et al., 2010), we used the multivariate environmental similarity sur-
face	(MESS)	method	implemented	in	Maxent	(Figure	S4).	The	MESS	
analysis helps to identify areas with future climatic conditions out-
side	 the	 range	 covered	 by	 the	 climatic	 conditions	 used	 for	model	
training	 (near-	current	 conditions	 of	 1970–	2000).	Modeling	 results	
for	projected	habitat	suitability	under	future	conditions	outside	the	
training	range	(extrapolations)	should	be	treated	with	strong	caution.

To	transform	the	continuous	modeling	results	into	binary	ones	in	
order	to	be	able	to	display	the	projected	changes	in	four-	time	steps	
in one map (Figure 3, Figures S9–	S12), we applied the threshold 
that	minimizes	the	difference	between	sensitivity	and	specificity	to	
transform (Liu et al., 2013).

The	relative	contribution	of	the	six	predictor	variables	was	stan-
dardized	for	the	six	individual	algorithms	applied	and	presented	in	a	
bar	plot	(Figure	S14).
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2.4  |  Software

Spatial	 analysis	 was	 conducted	 in	 ESRI	 ArcGIS	 version	 10.8.1	
(ESRI,	 2018) and in R version 4.1.2 (R Development Core 
Team, 2021).	For	the	MESS	analysis,	we	used	MAXENT	version	3.4.1	
(Phillips	et	al.,	n.d.). Modeling was executed in the R environment (R 
Development Core Team, 2021).	All	maps	were	created	with	ESRI	
ArcGIS	(ESRI,	2018).

3  |  RESULTS

The	estimated	habitat	suitability	by	the	EF	consensus	model	under	
near-	current	 climatic	 conditions	 (1970–	2000)	 (Figure 1) reflects 
the	 observed	 distribution	 of	 the	 golden	 jackal	 (Figure	 S1) very 
well	 with	 high	 modeling	 performance	 parameters	 (AUC	 =	 0.977,	
Kappa =	0.656	and	TSS	=	0.858,	Table	S3).

Some	of	 the	 records	of	golden	 jackal	outside	 the	core	popula-
tion,	which	were	not	included	in	the	model	training,	are	covered	by	
the future projections for the period 2021– 2040; others are not 
(Figure 2c).	Most	 of	 these	 records	 date	 between	 the	 two	 periods	
covered	by	the	modeling	(i.e.,	roughly	2000–	2020).

The	future	projections	of	climatic	suitability	for	the	golden	jackal	
in Europe agree on showing a steady expansion towards the north 

and	 the	west	 over	 the	 period	 2021	 to	 2100	 across	 all	 four	 IPCC	
scenarios considered (Figures 3 and 4 and Figures S5–	S12). Future 
projections that assume greater changes in climatic conditions (i.e., 
SSP	585)	 are	 characterized	 by	 a	 greater	 increase	 in	 the	 area	with	
modeled	climatic	suitability	for	the	golden	jackal	(Figure 4).

Temperature	variables	(especially	summer	temperature	and	tem-
perature	seasonality)	tend	to	show	a	higher	contribution	to	the	re-
sults	of	the	single	models	than	precipitation	variables	(Figure	S14).

4  |  DISCUSSION

Using a correlative niche modeling approach, we modeled climatic 
habitat	suitability	for	the	golden	jackal	in	Europe	under	current	and	
projected	 future	 conditions.	 We	 conducted	 a	 state-	of-	the-	art	 EF	
approach,	which	 combines	 several	 single	models	 into	 a	 consensus	
model	 providing	 a	 more	 robust	 estimator	 (Araújo	 &	 New,	 2007). 
Here,	we	 consider	 climatic	 habitat	 suitability	based	on	empirically	
collected	interpolated	temperature	and	precipitation	data	between	
1970	and	2000.	We	related	the	core	distribution	of	the	golden	jackal	
to	these	data.	We	only	considered	distribution	data	in	the	core	dis-
tribution	area	to	ensure	that	these	are	occurrences	that	can	be	at-
tributed	to	established,	reproductive	populations	at	this	time.	Data	
from	most	recent	publications	that	may	indicate	newly	established	

F I G U R E  1 Modeled	climatic	suitability	(ensemble	model)	for	the	golden	jackal	(Canis aureus) under near- current climatic conditions 
(1970–	2000).	The	map	was	created	with	ESRI	ArcMap	version	10.8.1.	Coordinate	system:	WGS	1984.
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occurrences	outside	the	core	distribution	area	(e.g.,	Jirků	et	al.,	2018; 
Kowalczyk	et	al.,	2020;	Männil	&	Ranc,	2022) were not accounted 
for	 in	 the	model	 training,	but	we	displayed	these	observations	 to-
gether with near- future projections (for the period of 2021– 2040) of 
climatic	habitat	suitability	for	the	golden	jackal.

Due	 to	 specific	 data	 situation,	 we	 were	 able	 to	 incorporate	
presence-	absence	 algorithms,	 which,	 in	 the	 case	 of	 reliable	 data,	
include more information in the modeling. The current core distri-
bution	is	well	reflected	in	the	modeled	habitat	suitability	patterns.	
This	is	a	necessary	assumption,	which	is	required	to	use	the	model	
for valid future projections.

In	 some	 areas,	 modeled	 habitat	 suitability	 exceeds	 observed	
distribution	 (e.g.,	 northern	 Italy,	 southern	 Ukraine).	 Here,	 other	
nonclimatic	factors	(e.g.,	land	use,	barriers	to	dispersal)	may	act	as	
limiting factors, especially that golden jackals expand in the areas 
with	 no	 suitable	 climate	 (Estonia,	 Finland,	 Norway,	 Russia;	 Jirků	
et al., 2018).	However,	this	does	not	prevent	the	model	from	being	
considered overall sound, also in view of the high model perfor-
mance	measures	(Table	S3). Future projections show an expansion 
of	the	area	with	projected	climatic	suitability	for	the	golden	jackal	
in	Europe	towards	the	north	and	west	(Smeraldo	et	al.,	2021). This 
indicates	that	the	currently	observed	range	expansion	of	the	golden	

F I G U R E  2 Compilation	of	information	on	the	distribution	of	the	golden	jackal	in	Europe	compared	with	near-	future	climatic	habitat	
suitability.	(a)	Species-	reported	occurrence	on	a	national	scale,	countries	with	reported	first	detection	of	Canis aureus	before	and	after	2010	
(Hatlauf et al., 2021),	(b)	core	distribution	(Hoffmann	et	al.,	2018; Ranc et al., 2022),	(c)	modeled	climatic	suitability	(ensemble	model)	for	
the golden jackal (Canis aureus)	under	projected	near-	future	climatic	conditions	(2021–	2040,	SSP	245)	together	with	available	occurrences	
records	(Arnold	et	al.,	2012;	GBIF,	2021;	Jirků	et	al.,	2018;	Kowalczyk	et	al.,	2020;	Männil	&	Ranc,	2022; Rykov et al., 2022;	Trouwborst	
et al., 2015; Zagorodniuk, 2014).	The	map	was	created	with	ESRI	ArcMap	version	10.8.1.	Coordinate	system:	WGS	1984.

F I G U R E  3 Projected	changes	(ensemble	model)	in	areas	of	modeled	climatic	suitability	for	the	golden	jackal	(Canis aureus) in four- 
time	steps	to	2100	according	to	the	IPCC	scenario	SSP	245	in	relation	to	near-	current	conditions	(1970–	2000).	We	applied	the	threshold	
(th =	0.48)	that	minimizes	the	difference	between	sensitivity	and	specificity	to	transform	the	continuous	modeling	results	into	binary	
ones.	The	map	was	created	with	ESRI	ArcMap	version	10.8.1.	Coordinate	system:	WGS	1984.	Further	modeling	results	are	shown	in	the	
supplement (Figures S9–	S12).
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jackal	from	the	Balkans	towards	Western	Europe	is	favored	by	cli-
mate	change.	At	least,	it	can	be	stated	that	the	climatic	conditions	
in	these	potential	new	areas	will	become	similar	to	those	that	are	
currently	characteristic	in	the	core	distribution	area	of	the	golden	
jackal.	However,	 it	 is	difficult	 to	say	 to	what	extent	 the	observed	
and	assumed	further	expansion	of	the	range	is	mainly	driven	by	cli-
mate change and to what extent other nonclimatic factors play a 
role	(Spassov	&	Acosta-	Pankov,	2019). Land use and land cover may 
also	play	an	important	role,	and	the	distributional	patterns	of	inter-
acting species (e.g., the gray wolf, Canis lupus, e.g., Giannatos, 2004; 
Krofel et al., 2017;	Trouwborst	et	al.,	2015) and human pressure.

Distribution	 patterns	 of	 species	 are	 the	 result	 of	 a	 variety	 of	
factors	with	climatic	 conditions	being	considered	one	of	 the	most	
important	 drivers	 on	 a	 continental	 scale	 (Pacifici	 et	 al.,	 2020; 
Pearson,	2007).

Besides,	 interspecific	 competition	 is	 considered	 a	 key	 factor	
shaping	the	distribution	patterns	of	species	(Pacifici	et	al.,	2020). 
Competing	 species	 with	 similar	 ecological	 requirements	 that	
are	 sympatrically	 distributed,	 may	 coexist	 or	 mutually	 exclude	
each	 other,	 depending	 on	 the	 availability	 of	 resources	 (Torretta	
et al., 2021). The presence of the gray wolf (Canis lupus) is consid-
ered	to	be	an	important	limiting	factor	for	the	distribution	of	the	
golden	jackal,	as	wolf	occurrences	can	prevent	the	establishment	
of the golden jackal (Krofel et al., 2017).	As	the	wolf	is	considered	
a natural intra- guild predator of the golden jackal, range expansion 
and	establishment	in	new	areas	of	the	latter	species	is	suspected	
to	be	more	likely	in	areas,	where	the	wolf	is	absent	or	at	least	un-
common	(Trouwborst	et	al.,	2015). However, in the last decades, 

the wolf population has increased again (Chapron et al., 2014) and 
golden	 jackals	have	been	 increasingly	 reported	 in	countries	with	
strong	or	growing	wolf	populations	 (Poland,	Finland,	Estonia).	 In	
order to avoid direct contact with the wolf, the golden jackal may 
turn	to	other	habitat	types:	wolf	colonization	of	forest	areas	and	
golden	 jackal	 may	 switch	 to	 more	 open	 habitat	 types;	 this	 may	
contribute	to	the	spatial	segregation	of	both	species	at	a	regional	
scale. Thus, at the considered continental scale, the presence of 
the wolf level is less important.

The	 advantage	 of	 correlative	 methods	 for	 species	 distribu-
tion	modeling	is	that	biotic	conditions	are	also	taken	into	account.	
The	 models	 are	 based	 on	 observed	 distribution	 data	 represent-
ing	 the	 occupied	 niche	 (Pearson,	 2007;	 Sillero,	 2011;	 Sobéron	 &	
Peterson,	 2005). The occupied niche represents the area in the 
niche	space	where	both,	abiotic	and	biotic	conditions	fit.	Thus,	cor-
relative	niche	models	thus	incorporate	biotic	factors	(at	 least	 indi-
rectly).	However,	the	results	should	be	interpreted	only	in	relation	to	
the	considered	predictor	variables.	Thus,	despite	projected	climatic	
suitability,	a	region	may	be	excluded	from	the	successful	establish-
ment of C. aureus	if,	for	example,	there	is	a	high	abundance	of	wolves	
(Giannatos, 2004; Krofel et al., 2017;	Trouwborst	et	al.,	2015), or if it 
is	physically	not	reachable	due	to	dispersal	barriers.

In addition to the assumption that the ongoing climate change 
is	 contributing	 to	 the	observed	 range	 changes	of	 the	 golden	 jackal	
in	 Europe	 (Arnold	 et	 al.,	 2012; Giannatos, 2004), it is also sus-
pected that land- use change is of high relevance (Šálek et al., 2014; 
Zagorodniuk, 2014). In recent decades, much agricultural land has 
been	abandoned	in	Central	and	Eastern	Europe	(Alcantara	et	al.,	2013), 

F I G U R E  4 Projected	areas	(km2)	modeled	as	climatically	suitable	or	unsuitable	for	the	golden	jackal	(Canis aureus)— Considering four- time 
steps	to	2100	in	relation	to	near-	current	conditions	(1970–	2000)	and	comparing	the	IPCC	scenario	(SSP	126,	SSP	245,	SSP	370,	SSP	585).	
See	Figures	S9–	S12 for the corresponding maps.
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creating	a	suitable	habitat	for	golden	jackals,	which	has	favored	their	
spread	into	Ukraine,	Belarus,	and	further	north.

We	have	not	included	land	cover	in	our	analysis	(due	to	the	lack	
of	future	scenarios).	The	fact	that	the	modeled	potential	distribution	
area,	e.g.,	in	northern	Italy,	extends	beyond	the	observed	core	dis-
tribution	could	possibly	be	justified	by	the	fact	that	land	cover	is	not	
included.	However,	it	can	be	assumed	that	the	golden	jackal	is	able	
to cope with a wide range of conditions.

Another	important	factor	determining	the	distribution	patterns	
of	species	 is	 the	accessibility	of	areas	 (mobility	 [M]	 in	 the	nomen-
clature	 of	 Sobéron	 &	 Peterson,	 2005). In terms of the expected 
and	already	observed	range	expansion	of	the	golden	jackal	towards	
Western	Europe,	 this	 factor	 is	of	 less	 importance,	as	 there	are	no	
major	 physical	 barriers	 to	 dispersal	 such	 as	 oceans	 or	 mountain	
ranges present. Nevertheless, migration routes such as river valleys 
are of great relevance (Jongman et al., 2011).

We	have	restricted	the	study	area	to	those	areas	where	we	have	
information	on	the	presence	or	absence	of	the	species.	The	fact	that	
we	consider	only	a	part	of	the	species'	range	may	lead	us	to	obtain	a	
partial	niche	model.	Consequently,	our	approach	may	underestimate	
the	climatic	suitability	of	C. aureus.

Records outside the core range were displayed in Figure 2b,c 
to evaluate near- future range expansion. In these areas, reproduc-
tion	of	the	golden	jackal	has	rarely	been	reported	so	far	(Kowalczyk	
et al., 2020;	Männil	&	Ranc,	2022).	Some	of	 these	observed	point	
records	are	located	in	areas	with	modeled	habitat	suitability	under	
projected near- future climatic conditions (2021– 2040, Figure 2c). 
It	can	be	assumed	that	permanent	populations	may	be	established	
here.	The	other	observations,	 in	areas	modeled	as	climatically	un-
suitable	 under	 near-	future	 conditions	 (2021–	2040,	Figure 2c), can 
be	justified	as	animals	on	migration	may	be	able	to	survive	for	some	
time	under	suboptimal	climatic	conditions,	even	if,	for	example,	re-
production	is	rare.	Permanent	establishment	at	the	edge	of	the	cli-
matic niche seems rather unlikely.

Successful	 range	 expansion	 and	 the	 colonization	 of	 new	
areas involve four processes (Estrada et al., 2016;	 Kowalczyk	
et al., 2020): (1) Emigration: individuals leave their previous ter-
ritory. (2) Movement: individuals disperse over long distances 
(golden	 jackals	 have	 been	 observed	 via	 telemetry	 to	 be	 able	 to	
disperse long distances and even through human- dominated land-
scapes	Lanszki	et	al.,	2018).	 (3)	Establishment:	 successful	 repro-
duction	 takes	place	 (for	2015	and	2017,	Kowalczyk	et	al.	 (2020) 
reported	 the	 northernmost	 reproduction	 in	 Poland	 so	 far).	
(4)	Proliferation:	a	certain	reproduction	rate	 is	 required	to	main-
tain	 a	 permanently	 stable	 population.	Under	optimal	 conditions,	
reproduction	rates	are	assumed	to	be	generally	higher	than	under	
suboptimal	conditions,	e.g.,	at	the	edge	of	the	niche.	However,	 if	
other conditions are good or the golden jackal partially adapts to 
the	new	conditions,	this	is	also	possible.	In	any	case,	vagrant	ani-
mals can indicate a spread into areas outside the core populations 
and	are	a	prerequisite	for	this.

5  |  CONCLUSION

The	new	occurrence	of	species	in	an	area	may	bring	considerable	
changes	in	ecosystems	and	may	even	pose	a	threat	to	native	bio-
diversity.	The	established	occurrence	of	 the	golden	 jackal	with	
high	 abundance	 in	 new	 areas	may	 have	 an	 impact	 on	 the	 eco-
systems, e.g., through altered predation pressure, including on 
rare and endangered species, or competitive pressure on other 
mesopredators	(Hobbs	et	al.,	2006;	Trouwborst	et	al.,	2015). In 
addition, economic losses due to killed domestic animals and 
game	 are	 conceivable	 (Stoyanov,	 2012).	 Crossbreeding	 with	
golden	 jackals	 and	 wolves	 or	 domestic	 dogs	 is	 thought	 to	 be	
possible	 (Trouwborst	 et	 al.,	 2015).	 Parasites	 associated	 with	
the golden jackal could follow the migration of the host spe-
cies.	Due	 to	 the	close	 relationship	between	golden	 jackals	and	
dogs,	this	could	also	be	of	relevance	to	veterinary	medicine	and	
human	medicine	 (Gherman	&	Mihalca,	2017). Implicated in the 
epidemiological	 cycle	 of	 a	 vast	 variety	 of	 zoonotic	 pathogens,	
the	 new	 occurrence	 of	 the	 species	 in	 substantial	 abundances	
could	thus	also	be	of	health	concern.	Therefore,	understanding	
the	 current	 distribution	patterns,	 their	 underlying	 factors,	 and	
future range changes is crucial. Our results clearly indicate that 
climate change is likely to favor the further spread of the species 
the golden jackal in Europe. The present study provides a valu-
able	contribution	in	that	monitoring	and	survey	programmes	can	
be	conducted	more	efficiently	by	 identifying	areas	with	higher	
habitat	 suitability	 and	 thus	 also	 a	 higher	 probability	 of	 occur-
rence of the golden jackal.
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