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Abstract

The article presents the results of a comprehensive craniological analysis of the
common raccoon dog (Nyctereutes procyonoides Gray 1834) based on adult skulls
from four samples, three of which comprise materials from Ukraine: 1) central and
northern oblasts of Ukraine (Kyiv, Chernihiv, and Cherkasy oblasts); 2) eastern
oblasts of Ukraine (Luhansk, Zaporizhzhia, and Poltava oblasts); 3) southern ob-
lasts of Ukraine (Kherson Oblast). Additionally, a sample that includes materials
from the native range of the species (Khabarovsk Krai, Primorsky Krai, and Chita
Oblast of Russia) was also analysed. The research included standard analysis based
on craniometric measurements of 19 parameters, and analysis of the skull shape by
tools of geometric morphometrics separately for the dorsal and ventral sides of the
skull and the buccal surface of the left mandible. The total sample comprised 62
specimens. The results of the analysis of linear characters showed that specimens
from the northern, central, and southern oblasts of Ukraine differ from those from
the eastern oblasts of Ukraine and from specimens from the Far East, which are
characterised by larger dimensions. The analysis of shape differences using Mor-
pholJ demonstrates the greatest morphological distance between the samples from
the territory of Ukraine and the sample from the species’ native range. The analysis
of the dorsal and ventral surfaces of the skulls showed that the specimens from the
native range of the common raccoon dog have more elongated and broader nasal
bones, while the braincase is narrowed from the sides, but elongated towards the
occipital bones. The greatest level of shape variation is characteristic of the mandi-
ble. Specimens from the territory of Ukraine have a more elongated mandibular
ramus and a larger area of the coronal, articular, and angular processes, while
skulls from the species’ native range have a larger angle between the mandibular
ramus and the coronal process, which in turn has a greater inclination relative to
the articular process and a smaller area of the angular process. Skull size is often
larger in animals in introduced populations, but it also depends on environmental
conditions, nutrition, and interspecific competition.
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Kpaniouoris Nyctereutes procyonoides (Carnivora) 3a marepiajamu 3 YKpainu

Jennc Jlazapes

Pesrome. IlpencraBieHO pe3ynbTaTH KOMIUIEKCHOTO KPaHIOJOTIYHOTO aHAJli3y YepemiB DOpOCIUX OCOOMH
€HOTa yccypilicekoro (Nyctereutes procyonoides Gray 1834) 3a yotipma BHOIpKaMU TPH 3 SIKUX MPEICTaBICHI
MarepiagaMu 3 YKpaiHu: 1) IeHTpanbHI Ta miBHIYHI o0nacTi Ykpainm (KwuiBcbka, UepHiriBcbka, Uepkacbka
0011.); 2) cxinHi obnacti Ykpainu (JIyranceka, 3amopisbka, [lontaBceka 00:1.); 3) miBaeHHI obsacti YKpaiHu
(XepcoHcbka 0011.), a TaKOK BHOIpKOIO, 110 chopMOBaHa MaTepiajaMu 3 TEPUTOPil a0OPUTEHHOTO apeaty €HoTa
yceypiiicekoro (XabapoBcrkuii Ta [Ipumopcebkuit kpait Ta UuTHHCBKa 0011. pocii). JlocikeHHs, BKIIOYaEe B
ceOe CTaHAAPTHUI aHaNi3 Ha OCHOBI KpaHIOMETPHUYHHUX HpoMipiB mo 19 mapamerpax, aHamiz GpopMH deperiB
METOJaMH FeOMETPHIHOT MOP(OMETpii OKpeMo [UIsl JOpPCaNbHOI i BEHTPaIbHOT CTOPOHH Yepera Ta I{iYHOl CTOo-
POHH JTiBOT HIDKHBOT IIEJe . 3araibHa BHOIpKa ckiana 62 3pasku. Pe3ynbraTu aHai3y JIHIHHUX O3HAK MOKa-
3aJIH, [0 3pa3Ky 3 MiBHIYHUX, EHTPAJIBHIX Ta MiBACHHUX 00aacTeil YKpalHu Bipi3HAIOTHCS BiX 3pa3kiB 31 cXi-
mHUX obyacTed Ykpainu Ta 3paskiB 3 Jlanekoro Cxomy, siKi XapaKTEpU3YIOThCS OUTBIIMME po3Mipamu. AHai3
BiaMiHHOCTEH opmu 3acobamu Morphol] nemMoHCcTpye HaiiGiLIBITy MOP)OJIOTIYHY AUCTAHIIIF0 MK BUOIpKamu 3
TepuTopii YKpainu Ta BUOipKor0 c(OPMOBAHOIO HAa OCHOBI 3pa3KiB 3 aDOPUTEeHHOTO apeany. AHaJi3 AOpcambHOL
Ta BEHTPAJIFHOI MOBEPXHI YepemiB MOKa3aB, IO 3pa3KH 3 TEPUTOPIl MPUPOIAHOTO apeay €HOTa ycCypiiicbKOTO
MaJTi OLTBII BUAOBKEHI Ta IIMPOKI HOCOBI KiCTKH, B TOH K€ Yac MO3KOBA Karcyia Oyna 3ByxKeHa 3 OOKiB, poTe
BUJIOBKEHA B HANPSIMKY MOTHJIMYHHX KicToK. HaiOinmpmuii piBeHb BapiaTHBHOCTI (OPMH XapaKTEpHHUHA IS
HIDKHBOI 1eneny. Bei BuGipky 3 TepuTopii YKpaiHH XapaKTepH3yIOThCSI MEHII BHJIOBKEHOI OCHOBOIO HI)KHBOT
IIeJIeny Ta OiBIION0 IUIOIISI0 BIiHIIEBOTO, CYrJIO00BOTO Ta KYTOBOTO BIIPOCTKIB, B TOIl Yac sk yepenu abopu-
TeHHHX €HOTIB 3 PEeriOHIB NPUPOAHOTO MOIIMPEHHS BHIY MajH OUTBIINHA KYT MK OCHOBOIO IIEJIENH Ta BiHIIe-
BUM BIJJPOCTKOM, KM/ B CBOIO Yepry MaB OiJbIIHIA HAXHJ BIJHOCHO CYrJIOOOBOTO BIAPOCTKY i MEHIINY ILJIOILY
KyTOBOTO BifjpocTka. HYacTo po3Mmip 4deperiB € OUIbIINM Y TBAPHH B IHTPOAYKOBAaHUX MOMYJIALIAXK, IPOTE LIE Ta-
KOJK 3aJIC)KUTH BiJl IPUPOAHUX YMOB, Xap4yBaHHS Ta MIXKBUIOBOT KOHKYPEHIIi1.

KnrodoBi ciioBa: €HOT ycCypiCBbKUI, KpaHIONOTIYHHH aHaji3, FTeOMEeTpHYHA MOP(HOMETPIsl, IHTPOIYKLIs, pi-
YKOBI OaceHN YKpaiHH.

Introduction

The common raccoon dog (Nyctereutes procyonoides Gray 1834) is an alien species in the fau-
na of Ukraine. Work on the introduction of this species began in 1928 with the release of animals in
Poltava Oblast. The mass introduction of the species in Ukraine began in 1935 and covered the terri-
tories of Luhansk and Kharkiv oblasts, and in the following years spread to the rest of Ukraine, pri-
marily to the eastern and central oblasts. After the Second World War, the common raccoon dog was
also released in the western oblasts [Kolosov & Lavrov 1968]. Today, the common raccoon dog is
found in most oblasts of Ukraine: the highest population levels (according to the State Statistics
Service of Ukraine) are in the northern oblasts, while in mountainous areas the species is completely
absent or its population is insignificant [Zagorodniuk & Lazariev 2024].

Specimens of introduced mammal species available in museum collections allow us to assess
craniological differences between geographically distant samples both within Ukraine and from
other regions. The level of morphological variability of introduced mammals is influenced by their
geographical remoteness, isolation of populations, the founder effect, and the productivity of the
ecosystems in which they live [Lazariev & Barkaszi 2023; Lazariev 2024].

A number of scientific papers [Haidaka ez al. 1998; Jurgelénas & Daugnora 2005; Haba et al.
2008; Ansorge et al. 2009; Asahara 2013] have been devoted to craniological studies of the common
raccoon dog, in particular the description of morphological variability between different populations,
emphasising intraspecific and interspecific differences based on craniological data. The aim of this
study is to determine the level and direction of morphological variation between common raccoon
dog specimens from Ukraine, to present the results of comparison with materials from other coun-
tries, and to identify the possible causes of morphological variation.
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Materials and Methods

As material for craniological analysis, samples of adult skulls of the common raccoon dog were
taken from different museums in Kyiv: the Department of Zoology (NMNHU-z) and the Department
of Palacontology (NMNHU-p) of the National Museum of Natural History, National Academy of
Sciences of Ukraine, the Zoological Museum of Taras Shevchenko National University of Kyiv
(ZMKU). A total of 62 specimens were included for morphological analysis using MorphoJ (dorsal
and ventral skull surfaces).

Despite the fact that the common raccoon dog is often confined to river floodplains, its distribu-
tion is not limited to river basins, so when forming samples for the analysis, not the basin principle
was used (as in the case of muskrat [Lazariev & Barkaszi 2023]), but the principle of dividing into
groups of oblasts of Ukraine (Fig. 1a) and regions of Russia (Far East) in the area of natural distribu-
tion of the common raccoon dog (Fig. 15).

Skulls of adult individuals were selected for analysis, among which there are samples of indi-
viduals of different ages, but samples with obvious signs of juvenile and subadult individuals were
not included in the work.

Four samples were formed (taking into account geography and taxonomy)

Introduced populations:

(1) Central and northern oblasts of Ukraine (18 specimens): * Cherkasy Oblast, near Liashchivka
village, collector M. Klestov: specimen in NMNHU-p collection No. 6410 (11.1996) and two specimens in
NMNHU-z collection, No. 8602 (2008-2009) and No. 8603 (2011). * Chernihiv Oblast: one specimen in the
NMNHU-z collection, No. 11594 (23.03.1973, L. Shevchenko), and a specimen in the ZMKU collection, with-
out data on the number and collector (7.01.2001). « Kyiv Oblast: two specimens in the NMNHU-z collection,
No. 11611 (3.02.1977, K. Mykhailov) and No. 11610 (10.1982, K. Mykhailov). Seven specimens are in the
ZMKU collection, No. 4387 (2.12.1954, D. Borzakovskyi), No. 3893 (16.10.1955, D. Borzakovskyi), No. 3354
(2.10.1952, O. Korneev), No. 446 (10. 09.1946, no data on the collector), No. 3305 (27.05.1952, no data on the
collector), No. 3345 (8.11.1949, no data on the collector) and No. 4004 (10.08.1953). Four specimens are from
the NMNHU-p collection, No. 6435 (4.05.1937, no collector’s data), No. 6413 (10.1997, 1. Leheida), No. 6415
(10.1997, 1. Leheida) and No. 4789 (1937, no collector’s data).

(2) Eastern oblasts of Ukraine (12 specimens): * Luhansk Oblast: one specimen in the collection
NMNHU-z, No. 11608 (08.1958, no data on the collector), two specimens in the collection NMNHU-p: No.
6420 (12.02.1938, no data on the collector) and No. 6808 (05.2002, O. Kondratenko). One specimen is kept in
the working collection of I. Zagorodniuk (no date and no data on the collector). * Zaporizhzhia Oblast: two
specimens from the collection NMNHU-z, No. 14472 (25.12.1993, A. Volokh) and No. 2017 (08.2005, A. Vo-
lokh). * Poltava Oblast, six specimens in the ZMKU collection: No. 3351 (1952, M. Havrylenko), No. 3356
(12.12.1952, M. Havrylenko), No. 3357 (03.1953, O. Kornieiev), No. 4297 (1.11.1953, M. Havrylenko), No.
3306 (24.11.1952, Kyshchynskyi) and No. 3355 (9.12.1952, M. Havrylenko).
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Fig. 1. Places of capture of individuals on the basis of which the samples were formed: from the territory of Ukraine
(a) and from the Far East (b).

Puc. 1. Micus BifjoBy 0coOMH Ha OCHOBI SIKUX copMoBaHo BHOipkH: 3 TepuTopil Ykpainu (a) ta 3 Janekoro Cxo-
ay (b).
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(3) Southern oblasts of Ukraine (26 specimens): « Kherson Oblast, Black Sea Reserve, 12 specimens in
the collection NMNHU-z (1967): No. 1706, 11612, 12423, 12424, 12425, 12426, 12428, 12429, 12430, 12431,
12432 and 16059. 14 specimens in the NMNHU-p collection: No. 6421, 6422, 6423, 6425, 6426 (1960, O.
Gizenko); 6411 and 6412 (09.1997, V. Tkach); 6727, 6428 (7.01.1961, S. Mylynskyi); 6429, 6430, 6431
(03.1962, O. Gizenko); 6432 and 6434 (1961, S. Mylynsky).

Native populations:

(4) Far East, Russia (6 specimens): * Khabarovsk Krai, one specimen from the collection NMNHU-z: No.
5273 (22.11.1959, V. Yahontov). * Primorsky Krai, one specimen from the collection NMNHU-z: No. 11075
(05.1987, O. Zykov), and three specimens in the NMNHU-p collection, No. 1186, 1187 and 1988 (Primorsky
Krai, 1930s, M. Shcherbyna). « Chita Oblast: one specimen from the ZMKU collection, No. 7478 (05.1988, no
data on the collector).

In total, 19 craniometrical characters were analysed [Zagorodniuk 2012]:

CBL—condylobasal length; CRH—cranial height; CRB—braincase width; ZYG—zygomatic width; IOR—
interorbital width; POR—postorbital width; FIL—incisive foramina length; BUL—auditory bulla length;
BUB—auditory bulla width; JUG—jugular width; BOC—occipital width, ROH—rostral height; DCM—upper
canine—molar length, DMM—greatest palatal width; DIA—diastema length; MAL—mandible length; MAH—
mandible height; dim—lower toothrow length; dcm—lower canine—molar length.

To compare the size of the skulls of the common raccoon dog from the territory of Ukraine with
the results of studies from other countries [Haidaka ez al. 1998; Jurgelenas & Daugnora, 2005; Kim
et al. 2012; Korablev & Szuma 2014], we calculated the average values of individual craniometric
traits based on the samples of animals captured in Ukraine. Average values for males, females and
average values for all individuals are presented.

Basic descriptive statistics were calculated, including minimum (min), maximum (max), and
mean (M) values, standard deviation (SD), and coefficient of variation (CV), for each of the three
geographic samples. The Shapiro—Wilk test was applied to analyse the distribution of the datasets;
the null hypothesis was rejected at a significance level of p < 0.05. Therefore, only the characters
CRB, IOR, POR, BUL, OOC, FIL, and MAH were used in the subsequent analysis.

The equality of means of the samples was tested by MANOVA; uncorrected p-values were con-
sidered for the acceptance or rejection of the null hypothesis. The variation of linear characters was
also analysed by multivariate ordination methods (principal component analysis, PCA and canonical
variate analysis, CVA). All calculations were carried out in PAST 4.16¢ [Hammer ef a/. 2001].

42 43 b ¢

Fig. 2. Landmarks on the dorsal (a) and ventral (b) surfaces of the skull and on the buccal surface of the left mandible
(c) used in geometric morphometrics analysis.

Puc. 2. OpienTtnpu Ha gopcaibHil (a) Ta BeHTpaibHiH (b) TOBEpXHi Yeperna Ta Ha IIiYHil MOBEpXHi JIiBOi HIKHBOT
ieneny (¢), aHaji30BaHi METOIaMU TeOMETPHYHOT MOphOMeTpii.
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Variations in skull shape were analysed using geometric morphometry [Klingenberg & Mcln-
tyre 1998]. For each sample, three sets of landmarks were selected (Fig. 2) on the dorsal (40 land-
marks) and ventral (45 landmarks) surfaces of the skull and on the buccal surface of the left mandi-
ble (20 landmarks).

On the dorsal surface, landmarks 1-7 and 13 describe the shape of the nasal bones, landmarks
6-11, 17,18, 23-28 and 30-33 describe the shape of the zygomatic bones, landmarks 12, 14-16 and
19-22 describe the shape of the interorbital and postorbital zones, landmarks 29 shows the growth of
sutures on the neurocranium, 34-37 describe the width of the neurocranium, and 38—40 describe the
extreme and middle points of the occipital bones.

On the ventral surface, point 1 shows the midpoint at the base of the anterior teeth of the maxil-
la, points 2, 3, 6, and 7—the incisive foramina, 4, 5, 8, and 9—the canines, 10-15 and 17-20—
points between the teeth of the maxilla, 16 and 21-27—the opening and sutures of the sphenoid
bone, 28-39—the extreme points of the left and right auditory bulla, 40—44—points on the occipital
bones, 45—point on the suture in the middle part of the palatine bone.

On the buccal side of the left mandible, points 1-6, 19, and 20 are the points at the ramus of the
mandible, 7-10 are the points describing the shape of the angular process, 10—12 are the articular
process, 12—17 are the coronal process.

The software tpsUtil32 and tpsDig232 were used to generate the corresponding landmark da-
tasets based on the digital images of skulls. The analysis of skull shape variation was carried out in
Morphol [Klingenberg 2011]. Due to the incompleteness of some specimens (lack of mandible), 54
specimens were included in the morphological analysis of the buccal side of the left jaw in Morphol.

Shape variation of the common raccoon dog skulls were analysed using principal component
analysis (PCA) and canonical variate analysis (CVA) in Morphol. The first three principal compo-
nents were retained for detailed analysis. Differences between samples from different regions were
tested using the non-parametric multivariate analysis of variance (PERMANOVA) of Anderson
[2001] with Euclidean distances between scores on the retained principal components, using 9999
replicates in PAST 4.16¢ [Hammer et al. 2001]. Uncorrected p-values were considered for the ac-
ceptance or rejection of the null hypotheses.

Results

Linear morphometrics

According to the results of the analysis of linear morphometry based on 19 craniological fea-
tures, all four samples (three from the territory of Ukraine and one from the Far East) have quite
similar sizes (Table 1). The sample based on samples from the native area (the Far East) is character-
ised by larger skull sizes and most of their structures compared to the samples from the territory of
Ukraine. Among the three samples from the territory of Ukraine, the samples from the central and
northern oblasts are smaller, while the samples from the eastern and southern oblasts do not differ
significantly from each other.

The highest coefficients of variation (CV) were observed for the zygomatic width (ZYG) and
interorbital width (IOR) in the sample from the central oblasts of Ukraine, the width of the auditory
bulla (BUB) and jugular width (JUG) in the central and southern oblasts, and the length of the inci-
sive foramina (FIL) in most samples. However, the differences between the analysed samples are
statistically insignificant (p > 0.05).

The principal component analysis (PCA) of the craniometric characters of the common raccoon
dog showed that the first three components describe 81.8% of the total variance, of which PC1 de-
scribes 53.0% (Table 2). All the traits in PC1 have a positive score. The highest loadings are for
MAH, CRB and IOR, which describe the mandibular height, the width of the brain capsule and the
interorbital space.

The relatively high values observed for BUL and OOC are associated with the overall cranial
dimensions. In the space of PC1 and PC2 (Fig. 3a), all samples show considerable overlap.
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Table 1. Results of measurements of Nyctereutes procyonoides skulls in three samples from the territory of Ukraine
and one sample from Far East

Tabmuns 1. Pesynpratu BuMipiB uepemniB Nyctereutes procyonoides 13 TpbOX BHOIPOK i3 TepuTOpil YKpaiHu Ta oJHi€el
Bubipku 3 [lanexoro Cxoxy

Char- Central oblasts, n =18 Eastern oblasts, n=12 | Southern oblasts, n =26 Far East,n =6
acters min—max CvV min—max CvV min—max (6\Y% min—max CvV
M+ SD M=+ SD M £ SD M+ SD

CBL 96.2-125.0 5.7 97.6-128.0 7.0 113.5-130 3.1 113,3-127.7 4.0
116.3+£6.6 118.7£8.3 121.0 £3.7 121.6 £4.9

7ZYG 36.6-74.1 13.1 61.7-75 5.1 60.1-73.3 43 66.7-79.1 6.2
63.9+8.3 68.7+3.5 66.6 2.9 71.0+4.4

CRB 39.2-45.2 4.6 36.0-46.5 6.5 39.0-46.0 3.6 41.4-46.2 3.8
420+1.9 435+2.8 427+1.5 447 +£1.7

CRH 41.0-49.0 5.1 38.0-46.2 5.2 34.0-49.5 6.6 42.9-48.0 4.5
440+2.2 442 +£23 446+2.9 45.0+2.0

IOR 17.4-26.0 11.2 21.7-25.3 53 20.4-26.8 6.9 21.1-26.8 8.4
21.9+£2.5 233+1.2 228+1.6 233+£2.0

POR 18.0-23.0 6.0 18.0-22.9 6.8 17.0-22.1 6.7 18.4-22.0 7.0
20.1+£1.2 206 +1.4 19.8+1.3 205+1.4

BUL 15.0-22.0 9.4 15.8-20.7 7.4 17.8-23.0 6.4 19.2-21.5 4.4
195+1.8 192+14 20.5+1.3 20.2+0.9

BUB 12.0-18.7 14.0 11.7-16.0 8.4 12.3-19.9 13.2 14.0-16.0 4.5
14.7+£2.1 14.0+1.2 145+1.9 15.0+0.7

JUG 9.2-12.8 10.6 10.0-13.0 8.9 9.9-18.1 14.3 11.1-13.0 6.2
11.2+1.2 11.7+1.0 11.7+1.7 11.7+0.7

BOC 18.5-26 7.6 19.8-25.0 7.5 20.5-24.8 4.5 21.2-25.7 6.6
225+1.7 23.0+1.7 234+1.1 239+1.6

ROH 28.8-36.1 5.8 28.5-36.2 6.0 30.8-35.0 3.5 33-37.2 4.8
32.8+1.9 339+2.0 33.6+1.2 347+1.7

DCM 38.647.0 5.7 37.3-52.0 8.4 15.1-47.2 17.5 44.8-47.1 1.8
44.1+£2.5 447 +£3.8 42.7+7.5 46.1 £0.8

DIM 49.2-59.4 5.5 45.7-63.1 7.9 44.0-59.7 6.4 57.9-61.2 2.2
55.1+3.0 56.6 £4.5 56.4+3.6 592+1.3

DMM 32.4-48.9 9.9 31.1-38.0 6.4 32.4-38.8 4.5 35.3-38.8 4.1
36.3+3.6 35.8+2.3 36.3+1.6 36.8+1.5

FIL 5.1-8.3 10.6 6.8-8.8 7.4 6.0-8.9 9.5 6.1-8.8 13.4
6.9+0.7 7.5+0.6 72+0.7 7.8+1.0

MAL 76.0-95.4 5.9 85.0-97.2 4.8 86.2-97.4 2.9 90.0-101.0 43
88.9+5.2 92.1+44 922+2.7 93.6+4.0

MAH 38.0-53.0 7.7 43.2-55.0 6.9 442-51.2 42 48.1-55.2 5.7
46.1 £3.6 48.8 +3.4 47.6+2.0 512+29

dem 44.6-54.5 5.7 47.0-55.1 5.2 39.0-56.2 6.9 51.0-57.8 4.4
50.3+2.9 52.0+2.7 53.0+3.7 54.1+24

dim 48.2-59.6 53 51.9-60.8 5.1 45.3-60.0 6.0 55.8-62.4 3.8
554429 56.9+29 56.5+3.4 59.0+23

Table 2. Factor loadings of the linear craniometrical characters on the first three principal components

Tabmus 2. GakTopHi HABaHTAXKEHHS JTIHIHHUX KPaHIOMETPUYHUX O3HAK Ha MEPIli TPU FOJOBHI KOMIIOHEHTH

Character PC 1 PC2 PC3 Character PC1 PC2 PC3

CRB 0.4016 0.5775 -0.2803 00C 0.2398 0.3494 -0.0124
IOR 0.3810 0.0493 0.6819 FIL 0.0749 -0.0171 -0.0376
POR 0.1374 0.0524 0.6084 MAH 0.7501 -0.5845 -0.2640

BUL 0.2206 0.4441 -0.1220 Variance, % 59.565 14.801 10.827
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Fig. 3. The distribution samples in the space of the first two principal components («) and canonical variates (b) based
on linear craniometrical characters.

Puc. 3. Po3mozin BHOipoK y MpoCcTopi MepIInX JBOX TOJIOBHUX KOMITOHEHT (g) Ta KaHOHIYHUX 3MiHHHX (b) 3a JiHiH-
HUMHM KPaHIOMETPUYHUMHU O3HaKaMH.

However, the sample from the Far East distinctly shifts toward extreme positive values in PC1.
The analysis of canonical variables (Fig. 3b) indicates that the samples differ significantly along
CV1: the sample from the Far East and eastern Ukraine aligns closely with the extreme negative
values of CV1, while the samples from southern and central Ukraine predominantly occupy the
range of positive values.

The sample from the east of Ukraine (a sample from the working collection of 1. Zagorodniuk)
took the most negative values for PC2, separating from the total set of samples due to its smaller size
(Fig. 3 a). Similarly, specimens No. 6413, 6415, 6435 have negative values for CV2, which also
deviate from the general cloud of specimens (Fig. 3 ) due to their small size, in particular the size of
the postorbital constriction (POR).

We analysed the size of skulls from introduced populations and the native range according to
the traits characterising the length and width of the skull and mandible (Table 3). There are some
differences between the populations, such as the small size of skulls from the Kagoshima Prefecture
in Japan [Haidaka ef al. 1998]. In general, the size of skulls in introduced populations often tends to
be larger than in native populations. Animal size is influenced by factors that may be local in nature,
as skull size can vary even within a single small administrative unit (Tver Oblast, Russia).

It can be assumed that factors such as the founder effect, food availability, or interspecific com-
petition have an impact on animal size. As an example, researchers cite a high proportion of skull
injuries in eastern Poland, which are likely to be the result of intra- and interspecific competition
[Korablev & Szuma 2014] and the cause of smaller animal sizes in this population.

Geometric morphometrics

The analysis by methods of geometric morphometrics in the MorfolJ software package was car-
ried out for the dorsal and ventral surfaces of the skulls and for the lateral side of the mandible. Ac-
cording to the results of the analysis of the dorsal surface of the skull, 71.4% of variance is described
by the first 6 components, where PC1 accounts for 25.8% and PC2 for 16.8% (Fig. 4; 5a).

The highest positive values for PC1 were recorded for coordinates y19, y21, describing postor-
bital narrowing and coordinates x32, x33, x34, x35, describing the elongation of the brain capsule.
The most negative values are at point x29, which describes the junction of the sutures on the brain
capsule, as well as at coordinates x15, x16, y19, x19, y20, x20, which describe the orbital narrowing.
Such signs most often describe the degree of skull development and are related to the age of the
animal. In PC2, the most negative values were found at coordinates y19, x19, y20, x20, x22, x21,
describing the expansion of the interorbital part of the skull, and the most positive values were found
at points x1, x2, X3, x4, x5, x6, x7, describing the elongation of the nasal bones.
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Table 3. Mean values (mm) of craniometrical characters of common raccoon dog from different countries and regions

Ta6mmms 3. Cepenni 3Ha4eHHS (MM) KpaHIOMETPUYHHIX O3HAK €HOTA YCCYPIMCHKOTO i3 Pi3HUX KpaiH i perioHiB

Region ‘ Sex l n l CBL l ZYG l POR l CRH | MAL | MAH I References
Introduced population
Ukraine 3 16 120.9 67.5 20.1 44.6 914 48.3  this study
Q 16 118.6 63.8 20.0 445 91.0 46.8
total 51 119.7 66.4 20.1 44.6 91.2 475
Lithuania 3 10 120.2 67.9 20.8 — 90.6 38.9  Jurgelenas &
Q 5 122.8 69.2 213 — 88.8 38.5  Daugnora, 2005
total 15 121.5 68.5 21.0 — 89.7 38.7
East Poland* 3 33 118.3 68.1 — — 87.4 50.5 Korablev & Szu-
Q 31 117.6 66.5 — — 86.3 49.5 ma, 2014
total 82 117.9 67.3 — — 86.8 50.1
Northest Tver* 3 40 121.7 69.3 — — 89.3 50.9  Korablev & Szu-
Q 41 121.0 68.3 — — 88.6 50.0 ma, 2014
total 81 121.3 68.8 — — 88.9 504
West Tver* 3 59 120.8 68.5 — — 88.7 50.9  Korablev & Szu-
Q 51 119.9 68.4 — — 87.6 50.5 ma, 2014
total 110  120.3 68.4 — — 88.1 50.7
Central Tver* 3 18 119.5 68.0 — — 88.9 50.5 Korablev & Szu-
Q 33 117.0 66.8 — — 86.1 484 ma, 2014
total 51 118.2 67.4 — — 87.5 494
South Vologda* & 13 120.5 69.7 — — 90.1 51.1  Korablev & Szu-
Q 13 117.6 67.0 — — 86.5 50.0 ma, 2014
total 26 119.0 68.3 — — 88.3 50.5
Native populations
Amur* 3 83 118.6 67.8 — — 66.7 48.6  Korablev & Szu-
Q 74 116.9 66.2 — — 65.5 47.6 ma, 2014
total 157 117.7 67.0 — — 66.1 48.1
Japan, Kagoshi- 3 35 106.7 60.6 — — 82.7 41.8 Haidaka ef al. 1998
ma Prefecture Q 45 105.6 59.1 — — 81.1 413
total 80 106.1 59.8 — — 81.9 41.5
South Korea 3 37 118.7 67.0 — 43.7 86.6 46.8 Kimetal 2012
Q 26 119.5 66.3 — 435 87.3 47.1
total 63 119.1 66.6 — 43.6 86.9 46.9
Khabarovsk* 3 10 119.8 67.8 — — 86.7 49.0 Korablev & Szu-
Q 9 118.5 66.5 — — 87.9 492 ma, 2014
total 19 119.1 67.1 — — 87.3 49.1

*Note: italics indicate the average values calculated by the author of this study on the basis of data from the source

indicated in the table.

In the space of the first two principal components, the samples largely overlap, but a large num-

ber of specimens from the central oblasts have higher values than PC2 (Fig. 5 a).

The analysis of canonical variates (Fig. 5 b) shows that each sample forms a separate cloud of
points in the space of CV1 and CV2, but there is an overlap between samples from the east and south
of Ukraine. The sample from the Far East is the most distant from the three Ukrainian samples, with
negative values on CV1. In general, samples from the Far East were more likely to have wider and
more elongated nasal bones, and an elongated and smaller braincase.
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Fig. 5. Distribution of common raccoon dog specimens from different regions of Ukraine according to the shape of
the dorsal surface of the skull: (a) in the space of the first two principal components; (b) in the space of the first two
canonical variates.

Puc. 5. Po3nozin 3pa3kiB €HOTa yCCYpiHCHKOTO 13 Pi3HUX perioHiB YKpaiHu 3a popMoro 1opcaiabHOI OBEpXHI yepe-
na: (a) y IpocTopi NepuIux ABOX FOJIOBHUX KOMIOHEHT; (6) y IPOCTOPI MEPIIMX BOX KAHOHIYHHUX 3MIHHHX.

The analysis of the ventral surface of the skull showed that 72.0 % of variance is described by
the first seven principal components, where PC1 describes 22.01 % and PC2 describes 15.90 %
(Fig. 6 a; 7). The most positive values on PC1 were recorded for coordinates x21, x22, x17, x18,
x23, x24, which characterise the position of the carnassial and the sphenoid bone, the most positive
values were recorded for coordinates x1, x2, X3, x4, x5, X6, x7, which characterise the position of the
anterior teeth and incisive foramina. Thus, PC1 is more characterised by elongation of the upper jaw
and narrowing of the skull structures in the area of the auditory bulla and at the attachment point of
the atlas. On PC2, the most positive values were recorded for coordinates x25, x21, x22, x16, x23,
x24, x26, x27, which characterise the position of the sphenoid bone. The most negative values have
the coordinates x14, x15, x17, x18, x19, x20, which characterise the position of the jaw in the area of
the carnassial, which generally describes the elongation of the skull in the area of the sphenoid bone
and the molars.

The analysis of the canonical variates (Fig. 6 b) shows differences between the three samples of
materials from Ukraine, but at the same time, the sample from the Far East overlaps with the sample
from the central oblasts, which, in turn, overlaps with the sample from the south of Ukraine in the
direction of negative values along CV2, where the sample from the eastern oblasts also occupies a
position within the negative values. Along CV1, the eastern Ukrainian sample is also located in the
negative range; the sample from the south is located in the positive range, while the samples from
the central oblasts of Ukraine and Far East regions occupy the middle range between the east and
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south of Ukraine. Thus, among the specimens from the east of Ukraine, the maxilla was more often
longer, but the structures of the braincase were located closer to its base, while the rest of the sam-
ples had the opposite shape: the rostral part was narrower and located closer to the braincase, and the
structures of the braincase were located closer to its lateral borders.

The position of the sample from the Far East along CV2 confirms the direction of shape de-
scribed for the dorsal surface of this sample: they had a wider braincase, while the auditory bulla and
occipital bones were not as elongated as in the other samples. The rostral part of the skull was closer
to the braincase, and the anterior part of the upper jaw was wider than in the other samples.

The analysis of differences between the samples based on the buccal side of the left mandible
demonstrated that 75.6% of variance was explained by the first four principal components, with PC1
accounting for 42.1% and PC2 for 19.7% (Fig. 8 a).

The most positive values on PC1 (Fig. 9 a) were recorded for coordinates x9, y14, y16, y15, x2,
x1, while the most negative for coordinates y7, y14, y6, y16, y15, y8, which characterise the position
of the angular and coronal processes and their deviation from the articular process, as well as an
increase or decrease in the angle between the mandibular ramus and the coronal process.

On PC2 (Fig. 9 b), the most positive values were recorded for yl1, y3, x8, y2, x4, x5. The most
positive values had the points x1, x2, x14, y16, x16, x15. This principal component describes the
length of the mandibular ramus and the height of the coronal process.

In the space of canonical variates (Fig. 7 b), the sample from the native range of the species is
the most distant from the other samples, having the most positive values on CV2 and the most nega-
tive values on CV1. Differences between samples from the territory of Ukraine are more noticeable
only along CV2. Thus, specimens from the Far East (with greater expression) and eastern Ukraine
more often had coronal, articular, and angular processes closer to each other, and were characterised
by a more elongated mandibular ramus.
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Fig. 6. Distribution of common raccoon dog specimens from different regions of Ukraine according to the shape of
the ventral surface of the skull: (@) in the space of the first two principal components; (5) in the space of the first two
canonical variates.

Puc. 6. Po3mozin 3pa3skiB €HOTa ycCypiiChKOTO 3 pi3HHX perioHiB YkpaiHu 3a pOpMOI0 BEHTpaJbHOI TOBEPXHIi uepe-
ma: (@) y mpoCTOpi NEPIINX JABOX TOJOBHUX KOMIIOHEHT; (6) y IPOCTOPI MEPIIAX ABOX KAHOHIYHIX 3MiHHUX.
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Fig. 7. Variation of the shape of the ventral surface of the skull along PC1 (a) and PC2 ().
Puc. 7. 3miau Gpopmu BeHTpasibHOI oBepxHi uepena 3a ['K1 (a) ta K2 (b).
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Fig. 8. Distribution of common raccoon dog specimens from different regions of Ukraine according to the shape of
the buccal surface of the left mandible: (@) in the space of the first two principal components; (b) in the space of the
first two canonical variates.

Puc. 8. Po3moain 3pa3kiB €HOTa ycCypilCBKOTO i3 Pi3HHX perioHiB YKpaiHd 3a (OpPMOIO LIIYHOI MOBEpPXHi JiBOI
HIDKHBOI IIeNieny: (@) y IpOoCTopi MepInX ABOX TOJOBHUX KOMIOHEHT; (6) y MpOCTOpi MEepIINX IBOX KaHOHIYHUX
3MiHHHX.

Fig. 9. Variation of the shape of the buccal surface of the left mandible along PC1 (@) and PC2 (b). The blue lines
indicate the starting shape. The light blue lines show the direction and magnitude of shape changes between the base-
line and the altered configuration.

Puc. 9. 3miru ¢opmu mivHOi HoBepxHi JiiBoi HIKHBOI mesenu 3a ['K1 (a) ta 'K2 (b). Cuni niHii mo3HA4al0Th BHXII-
Hy Gopmy. BnakuTHi JiHIT BKa3ylOTh HANPSMOK 1 BEIMYMHY 3MiH GopMu Mix 6a30BOIO Ta 3MiHEHOIO KOH(QITypaIli€lo.

Specimens from eastern and southern Ukraine differ from those from central Ukraine and the
Far East in the height of the coronoid and angular processes: specimens from eastern and southern
Ukraine show a larger angle, while specimens from central Ukraine and the Far East have larger
coronoid and angular processes, often with the coronoid rounded in relation to the joint (Fig. 10).

Such changes in shape can often be explained by age-related variability, but in the material
studied, these differences are observed between specimens of the same age group, which are also
similar in size but come from different populations (Kherson Oblast, Ukraine and the Far East).

Fig. 10. Differences in the shape of the buccal surface of
the left lower jaw as exemplified by the sample from the
Kherson region (No. 12429) and the Primorsky Krai (No.
11075). Arrows indicate the part of the jaw that, in most
cases, demonstrates differences between the samples.

No.12429

Puc. 10. BigminHOCTi (opMH mIi4HOT HMOBEpPXHi JiBOT
HIDKHBOT IIENenyd Ha TPUKIazi 3paska 3 XepcoHCHKOT
obmacti (Ne 12429) ta [Ipumopcbkoro kpato (Ne 11075).
CrpinkamMy 1OKa3aHO YaCTHHY IIETeNH sKa B OLTBIIOCTI
BHIAJIKIB IEMOHCTPYE BIIMIHHOCTI MiX 3pa3KaMH.

No. 11075
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Samples from the central part of Ukraine and its southern regions differ from each other to the
least extent, but at the same time, the largest significant differences were recorded between Ukraini-
an samples and the sample from the native range of the common raccoon dog (Table 4).

Discussion

The natural conditions in the areas of introduction are quite diverse, which has led to differences
in animal size in different areas of the European part of the common raccoon dog’s range. Animal
sizes are larger in the north of the European range and smaller in the south, and the size of animals
depends on natural conditions, in particular the availability of food resources and interspecific com-
petition.

Since most of skulls of the common raccoon dog were collected in the first half to mid-
twentieth century, we can say that in the first decades after the formation of the Ukrainian popula-
tion, the animals acquired certain adaptive features in the shape of the skull, primarily in those struc-
tures responsible for feeding.

Thus, the most significant differences between the Ukrainian population and the specimens
from the native range of the species were recorded in the shape of the mandible, which in the Far
Eastern population is characterised by a larger mandibular ramus area, smaller areas of the coronal,
articular, and angular processes. The coronal process has an inclination towards the articular process,
but this feature was more pronounced in the eastern Ukrainian sample.

The morphological similarity of the eastern Ukrainian sample to the native population in the Far
East can be explained by the fact that eastern Ukraine was the area of initial introduction in 1928—
1936. After that, the range of the common raccoon dog expanded to other regions of Ukraine, in
particular through introduction in the regions of Ukraine and expansion to European countries [Ko-
losov & Lavrov 1968], which could have contributed to changes in their morphology due to the
founder effect and the influence of natural conditions in new habitats and interspecific competition.

Linear morphometric analysis revealed differences in skull size between the three Ukrainian
samples and the sample from the Far East, where the Ukrainian samples are characterised by smaller
skull sizes. Animal size is influenced by environmental conditions, feeding, and interspecific compe-
tition. A review of data from different remote areas of the common raccoon dog’s range showed that,
in general, skulls in introduced populations were more likely to be larger than in the native range.

Table 4. Mahalanobis distances (Dy;) between the samples and uncorrected p-values of pair-wise one-way PER-
MANOVA based on PC scores

Tabmuns 4. Bincrani Maxananob6ica (D)) Mi>k BuOipkaMu Ta HEKOPETrOBaHi P-3HA4€HHS OMApHOTO OTHO(PAKTOPHOTO
PERMANOVA nHa ocHOBI HaBaHTa)keHb Ha ['K

Group Samples Central Eastern Southern Far East
oblasts oblasts oblasts

Dorsal (F = 1.8867 p =0.0084) Central oblasts — 4.6664 4.0055 5.9977
Eastern oblasts 0.3196 — 4.0920 6.5994
Southern oblasts 0.0017 0.0792 — 6.9085
Far East 0.2339 0.5625 0.0989 —

Ventral (F =1.7984 p=0.0073) Central oblasts — 6.0117 4.4086 4.7632
Eastern oblasts 0.1062 — 6.9723 7.8388
Southern oblasts 0.0049 0.0065 — 6.6029
Far East 0.8645 0.2155 0.0488 —

Mandible (F =1.2915p=0.1999) Central oblasts — 5.9568 4.3513 6.9568
Eastern oblasts 0.4351 — 4.7818 6.7995
Southern oblasts 0.0909 0.5327 — 6.7108
Far East 0.3972 0.3840 0.0830 —

Note: p < 0.05 are given in bold.
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Based on the results of the analysis of linear and geometric morphometrics, it can be concluded
that the skulls of animals from the introduced population of the species in Ukraine and the native
population in the Far East have significant differences that are reflected in the overall dimensions of
the skull (length, width of the skull and its structures), and the most significant are differences in the
shape of the mandible.

Conclusions

Based on the morphological study of common raccoon dog skulls from Ukraine and the Far
East, the following conclusions can be drawn:

1. The animals from the Ukrainian population exhibit morphological differences from the Far
Eastern (native) population in terms of skull size and shape. The most significant differences are
observed in the structures of the skull associated with feeding functions.

2. Skulls from the Far Eastern population are generally larger compared to those from the
Ukrainian population. They have longer and wider nasal bones, elongated brain capsule, extended
mandibular ramus, and smaller area of the coronoid, articular, and angular processes. Additionally,
skulls from the Far Eastern population and eastern Ukraine more often feature a coronoid process
tilted toward the articular process.

3. The combination of traditional and geometric morphometric approach allowed for a detailed
analysis of differences between introduced and native populations of the common raccoon dog. Ge-
ometric morphometrics revealed the most significant shape differences between the Ukrainian and
Far Eastern populations.
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