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Abstract
Hybridization between native and introduced species is one of the most important reasons underlying the impact on biodi-
versity exerted by biological invasions and also one of the hardest to be detected. The East-Asian sika deer Cervus nippon 
has been introduced to several European countries, where it is known to generate fertile offspring with the congeneric native 
red deer C. elaphus, threatening its local populations with genetic pollution. Most studies on hybrid populations have been 
carried out in northern and eastern Europe, whereas introductions of this deer and their effects are still poorly known in 
Southern countries. In this study, we updated the distribution of sika deer in Italy, where the species has been present since at 
least 25 years ago, but where no formal assessment has ever been conducted. We confirm the occurrence of sika deer genes 
in formerly pure red-deer populations in central Italy by means of genetic analyses. Further range expansion of invasive sika 
deer and red × sika deer hybrids is likely to lead to further hybridisations and introgression, with implications for the genetic 
integrity of native red deer populations.
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Introduction

The genus Cervus includes five species, mostly interfertile 
(Lorenzini and Garofalo 2015), with a Holarctic distribu-
tion: the red deer C. elaphus from Europe and the near East, 
the wapiti C. canadensis from North America and North-
East Asia, the hangul or Tarim deer C. hanglu from Central 
Asia, the white-lipped deer C. albirostris from Tibet and the 
sika deer C. nippon from Eastern Asia. Since 1850s, sika 
deer has been released in Europe both for hunting purposes 
and for aesthetic reasons (Saggiomo et al. 2020; Putman 
et al. 2022). Currently, populations of sika deer are quite 
widespread in Europe (Fig. 1). Rare to moderate hybridi-
sation between sika deer and red deer has been confirmed 
in European Russia, Poland, Lithuania, Ireland and United 
Kingdom (McFarlane et al. 2020; Putman et al. 2022). As to 
Southern Europe, information on sika deer distribution and 
hybridisation with red deer is scanty and mostly anecdotal. 
For instance, in Italy, Loy et al. (2019) report the sika deer 
as occurring in small groups, with no information available 
on their reproduction, population size, introduction history, 
actual distribution and potential hybridisation.

Hybridisation between wildlife and domestic or intro-
duced species is a well-known issue (Donfrancesco et al. 
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2019; Iacolina et al. 2019; Mattucci et al. 2019; Sainsbury 
et al. 2019) which underlies an important impact on bio-
diversity by determining genetic pollution (Iacolina et al. 
2019). Several taxa are threatened or went locally extinct 
because of hybridisation and genetic pollution with closely-
related introduced species (Canu et al. 2013; Iacolina et al. 
2019; Putman et al. 2022), emphasizing the importance of 
assessing and dealing properly with it, at least at local scales. 
The identification of hybrids C. elaphus × C. nippon can be 
morphologically (e.g., via photos) and bio-acoustically pos-
sible only for the first hybrid generations, i.e., those still 
showing intermediate phenotypes between parental species, 
whereas the identification of deep backcrosses may require 
genetic analyses (Smith et al. 2018; Putman et al. 2022). 
However, hybrids can mainly be recognized by mitochon-
drial markers if mothers bring alien alleles. The Italian pri-
oritization list of alien species (excluding those of European 
concern included in the EU Regulation 1143/2014) reports 
that the sika deer is, potentially, the second most harmful 
alien mammal to Italian native biodiversity (Bertolino et al. 
2020) because it threatens the genetic identity of native deer 
through hybridisation (McFarlane et al. 2020) and it facili-
tates the transmission of allochthonous parasites (Andreani 
et al. 2019).

However, the current state of our knowledge on sika deer 
distribution in Italy is insufficient to provide clear indications 

for sound management in the near future. In this paper, we 
aimed at updating the current distribution of sika deer in 
Italy, with a special effort on the North-Eastern regions, 
focusing our attention to the potential risk of hybridization 
with red deer.

Materials and methods

We have reviewed the published literature on sika deer 
distribution in Italy between 1990 and 2023, to compile a 
dataset with all certified occurrences (i.e., morphologically 
confirmed through an expert-based approach). Particularly, 
we searched for the words “Cervus nippon”, “Sika deer” and 
“Cervo sika” [in Italian] on Google Scholar, Scopus and ISI 
Web of Knowledge, as well as in the Zoological Records. We 
also searched for sika deer occurrences uploaded on citizen-
science platforms and validated by experts (i.e., iNaturalist: 
www.​inatu​ralist.​org; Ornitho: www.​ornit​ho.​it, all accessed 
on 12.06.2023). The occurrence search was conducted in 
January–March 2023. We then conducted a data-mining 
campaign on social networks (Facebook, Twitter, TikTok 
and Instagram) to collect as many data as possible on the 
occurrence of sika deer in Italy. Records were considered 
as reliable only when confirmed, i.e., genetically identified 

Fig. 1   Distribution of sika deer in Europe (dark grey areas) and years of first release in each country (from Putman et al. 2022, updated). Inset: 
current distribution of sika deer and sika × red deer in Italy
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or morphologically validated by experts, and when reported 
with geographical coordinates.

In 2022, we also collected seven tissue samples of sika-
like individuals from three Italian regions, Emilia Romagna, 
Tuscany and Liguria as part of selective hunting programs 
and / or road kills. Samples were stored in absolute etha-
nol and kept in a freezer at − 20 °C. We opportunistically 
focused our sampling in the areas where the literature review 
identified sika presence and in neighboring regions: only 
individuals showing sika-compatible phenotypical traits (cfr. 
Ferri et al. 2014) were genetically analyzed.

DNA was extracted using the Qiagen Qiamp Blood 
and Tissue Kit (©Qiagen, Inc, Tokyo, Japan). We ampli-
fied a portion (738 bp) of the mitochondrial DNA control 
region (CR, D-loop), using a pair of deer specific primers 
already available in the scientific literature: CE-CR-FOR 
(5′-CAA​TAC​ACT​GGT​CTT​GTA​AACC-3′) and CE-CR-
REV (5′-TAA​TAG​GAA GGC​TGG​GACC-3′: Giovannelli 
et al. 2022). The PCR was carried out with an Eppendorf 
MasterCycler X50s thermal cycler in 25 μl mix including 
100 ng of each DNA sample, buffer 10×, 1.2 mM MgCl2, 
200 μM dNTPs, 0.2 μM of each primer, and one unit of 
Taq polymerase (©Life Technologies, Waltham, Massachu-
setts, USA). PCR conditions included initial denaturing at 
94 °C for 2 min, followed by 30 cycles of 94 °C for 45″, 
annealing at 50 °C for 30″, extending at 72 °C for 1 min, 
and a final extension to 72 °C for 10 min. PCR products 
were run by electrophoresis on 1.5% agarose gel, contain-
ing 05 mg/ml of SYBR green gel staining. Amplifications 
were then purified (ExoSAP-IT PCR clean-up Kit, ©Applied 
Biosystems, Foster City, California, USA) and sequenced 
via chain termination method at the BMR Genomics center 
(https://​www.​bmr-​genom​ics.​it/, Padua, Italy: accessed on 
03.06.2023). Electropherograms were displayed on the 
Chromas 1.45 software (http://​www.​techn​elysi​um.​com/​au, 
accessed on 10.06.2023). Sequences were manually cor-
rected and analyzed with the Mega XI software (Tamura 
et al. 2021). JModelTEST 304 (Posada and Crandall 1998) 
was used to test the most accurate model of substitution, 
using the Bayesian Information Criterion (BIC; Schwarz 
1978) and the Akaike’s Information Criterion (AIC), cor-
rected for the heterogeneity between sites (gamma [G]). 
Deer sequences obtained in this study were aligned with pre-
viously published D-loop sequences available on GenBank 
(http://​www.​ncbi.​nlm.​nih.​gov: accessed on 02.07.2023) 
(Table S1 in Supplementary Material 1). A first sequence 
dataset (Dataset 1) included long sequences of about 601 bp 
(N = 24 sequences), and a second dataset (Dataset 2) con-
sisted of short sequences (326 bp), but it included a higher 
number of European samples (N = 49 sequences: Table S1 
in Supplementary Material 1). We carried out a phylogenetic 
reconstruction by applying a Bayesian approach, through 
MrBayes v 3.2.6. (http://​mrbay​es.​sourc​eforge.​net/​downl​oad.​

php: accessed on 11.06.2023). We ran four Markov chains in 
two independent analyses for 10 million generations, sam-
pling every 1,000 generations. The first 25% of samples were 
discarded as burn-in. Sequences of C. canadensis (Table S1 
in Supplementary Material 1) were used as outgroups. Sup-
port node values were given as posterior probability values.

Results and discussion

Our literature research confirmed six documents reporting 
on the occurrence of sika deer in Italy (Lapini 2009; Ferri 
et al. 2012, 2014, 2016, 2018; Loy et al. 2019). No sika 
deer record was available in online citizen-science platforms 
nor on social networks. The first female sika deer was road-
killed in North-Eastern Italy in 1997, possibly as a local 
escape from enclosures (Lapini 2009). Afterwards, two male 
sika deer were killed and analyzed in October 2010 in the 
Bolzano District (Ferri et al. 2016). In March and October 
2012, two adult males were shot near Modena, after being 
first observed in the wild in 2011 (Ferri et al. 2012, 2014). 
Another sika-like individual was killed in Parma District in 
2014, where several phenotypically “pure” sika deer were 
observed since 2004–2005 (Ferri et al. 2016, 2018). In the 
same year and in 2016, several individuals with intermedi-
ate phenotype C. elaphus × C. nippon were recorded in the 
counties of Parma and Reggio Emilia (Ferri et al. 2016). Fol-
lowing unpublished microsatellite analyses (A. Barancek-
ovà, Academy of Sciences of the Czech Republic, in litteris), 
these individuals were reported as C. elaphus × C. nippon 
hybrids, namely hybrids between red deer and the contested 
Ussuri sika deer subspecies C. n. hortulorum (Ferri et al. 
2016). Amongst the seven sampled deer, five clustered with 
sika and two with red deer clades. The five sika deer sam-
ples analyzed by the D-loop gene portion, morphologically 
assigned to the sika phenotype, showed a close phylogenetic 
relationship with C. nippon (Fig. 2, S1 in Supplementary 
Material 1). The Bayesian trees obtained by both the datasets 
(Fig. 2, S1 in Supplementary Material 1) displayed a highly 
supported clade including the published C. nippon and sika 
deer sequences analyzed in this paper. All suspected sika 
deer showed haplotypes belonging to the clade C. nippon.

Conversely, the red deer samples (OQ627036 and 
OQ627037) clustered together with the eastern haplotype 
C group (lineages sensu Skog et al. 2009), naturally distrib-
uted in South-Eastern Europe (similar to the subspecies C. e. 
brauneri, from Romania). Both trees (obtained with Dataset 
1 and Dataset 2) gave comparable results (Fig. 2, S1 in Sup-
plementary Material 1). Since mitochondrial DNA (mtDNA) 
is regarded as having main maternal inheritance in animals 
(Vilaça et al. 2023), C. nippon individuals with a sika mater-
nal ancestry can likely be determined. Conversely, the iden-
tification of hybrids cannot fully be excluded (particularly 



	 E. Mori et al.

in the case of phenotypically sika-compatible samples) in 
individuals with a paternal sika-ancestry. Therefore, even 
though our study represents first unequivocal data about the 
presence of sika deer in Italy, further investigations will have 
to be expanded to both nuclear and mitochondrial analyses.

Our study, although mostly based on opportunistic moni-
toring, confirmed the occurrence of sika deer in three Italian 
regions, therefore, suggesting a worse scenario compared 
to the one depicted by Loy et al. (2019) with data available 
at that time. According to the latter, C. nippon occurred in 
small groups in Northern Italy, suggesting potential hybridi-
zation with native red deer (C. elaphus) as already described 
in Great Britain by Smith et al. (2018). All the genetically 
supported C. nippon samples showed morphological features 
typical of sika deer.

Anthropogenic hybridisation, i.e., the one resulting from 
human actions, raises concern to conservation biologists. 
The speed of hybrid swarm formation and diffusion threat-
ens parental population, particularly when alien species 
are involved (Grabenstein and Taylor 2018). Moreover, 

backcrosses with parental species limit the morphological 
identification success between pure and hybrid lines, mak-
ing necessary the use of genetic analyses. In Scotland, for 
instance, the introgression of sika genes into red deer popu-
lations has been well-documented, but only the use of a high 
number of markers allows to identify them as C. elaphus × C. 
nippon hybrids (Smith et al. 2018; McFarlane et al. 2020), 
making hybrid discrimination relatively high demanding. 
Several red deer releases were conducted in Italy throughout 
the last century (e.g., in 1970s), and most of those in Central 
Italy included deer from Scotland (Ferri et al. 2016; Giovan-
nelli et al. 2022). Furthermore, at least two escapes of 4–5 
sika deer from enclosures and hunting preserves are known 
for Italy, both in Emilia Romagna, early in the 2000s (Ferri 
et al. 2016). Other red deer individuals of Scottish origin, 
locally bred for meat, accidentally escaped from enclosures 
in Emilia Romagna and other regions of Central-Northern 
Italy (where deer farming for meat was widespread in the 
1970s and 1980s), which may have increased the distribution 
of genetically-polluted individuals (Ferri et al. 2016, 2018). 

Fig. 2   Bayesian phylogenetic tree (MCMC = 10,000,000) of D-loop 
Dataset2 sequences. Posterior probability values are reported at 
nodes. Mitochondrial lineages are classified following Skog et  al. 
2009 and Giovanelli et al. 2022. Lineage A: Haplogroup A or West-

ern European lineage; Lineage B: Haplogroup B or Mediterranean 
lineage; Lineage C: Haplogroup C or Eastern European lineage. Sam-
ple labels as in Table S1, Supplementary Material. Light blue arrows 
indicate genetic sequences generated in this study
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Moreover, sika deer were present in a local zoo of central 
Italy, which kept several animal species outside enclosures, 
although only hog deer Axis porcinus were observed in the 
wild in the surroundings of this area (S. Lovari, personal 
communication 2022). Therefore, it seems likely that popu-
lations of red deer from the Northern Apennines may be 
introgressed already with sika deer genes and that this intro-
gression has been silent but continuous. It should be noted 
that the first sika introduction events occurred more than two 
decades ago, whereas our analyses have focused on individu-
als with sika-like phenotypes. Hence, it is extremely impor-
tant that a broad-spectrum monitoring project be carried out 
on animals of the genus Cervus to understand the actual 
extent of this introgression in Italy. Red deer are hunted or 
at least culled throughout Italy (Mattioli et al. 2001). How-
ever, the Italian law does not list the sika deer amongst hunt-
able species, thus determining a high risk of infringement. 
Therefore, an integration to the Italian law would be required 
as soon as possible to make culling sika deer and hybrids 
legally, as well as to eradicate all phenotypically compat-
ible sika deer, as suggested by the European legislation on 
exotic species.

In conclusion, the sika deer has been present in Italy for 
at least 25 years, and—not surprisingly—its populations are 
apparently spreading. Since genetic tools play a fundamental 
role in the identification of sika deer and a high number of 
markers may be required to detect hybridisation (Smith et al. 
2018; McFarlane et al. 2020), further studies should involve 
a substantial panel of mitochondrial and nuclear markers to 
identify hybrids C. elaphus × C. nippon. It would, therefore, 
be desirable that the local authorities set up a plan of inten-
sive genetic surveys on the areas of hybridisation, in line of 
the one approved by the Emilia-Romagna regional council 
in 2020. Management programmes should also include the 
legal eradication of allochthonous or hybrid-genotype popu-
lations, to avoid genetic pollution of the endemic popula-
tions of red deer in Italy.
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