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Abstract

The article presents the results of a comprehensive craniological analysis of the
American mink (Neogale vison Schreber 1777) based on skulls from three different
geographic samples: 1) Upper Dnipro (Kyiv Oblast) and its first-order tributary
(Desna, Chernihiv Oblast); 2) animal farm of the Cherkasy Oblast Consumer Un-
ion within the territory of the Sosnovsky hunting ground; and 3) the Siversky Do-
nets River basin (Luhansk and Donetsk oblasts). The research included standard
analysis based on craniometric measurements of 19 parameters, analysis of the
shape of skulls by geometric morphometrics separately for the dorsal and ventral
sides of the skull and buccal surface of the left mandible. The total sample com-
prised 29 specimens. The study showed that, according to the average values,
skulls from the Siverky Donets River basin are the smallest in size, while the skulls
of the American mink from Cherkasy Oblast are the largest among the studied
samples. The analysis by geometric morphometrics showed the presence of inter-
population differences, which is expressed between geographically distant samples.
The most important features that distinguish the studied samples include the shape
of the nasal and frontal bones, the braincase region on the dorsal side of the skull,
as well as the shape of structures associated with the diastema and the proximal
part of the hard palate, and the shape of the occipital bones of the skull. The differ-
ences in the shape of the mandible are related to the position of the coronal process
in relation to the jaw base and articular process. In the majority of specimens from
the Siversky Donets and Upper Dnipro basins, the coronal and articular processes
are closer to each other than in specimens from Cherkasy Oblast. The identified
features and the results of the comparison of samples from Ukraine and other terri-
tories suggest that in the case of natural populations of Neogale vison, the leading
role in the variability of geographically separated populations is played by such
factors as origin (founder effect), trophic adaptations, and population status. Com-
parison of the results of our study with studies from other countries indicates that
skull dimensions are larger in those regions where stable and powerful populations
have formed as a result of the introduction, but in regions where the species is still
spreading or forming populations, skull sizes were smaller.
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Kpanionorisi Neogale vison B 30Hax iHTpoaykuii: anaJi3z maTepiaaiB 3 Ykpainu

Henuc Jlazapes

Pestome. [IpencraBneHo pe3ynbTaTH KOMIUIEKCHOTO KPaHIOJIOTIYHOTO aHAJi3y 3pa3KiB UepemiB Bi3oHa PiuKo-
Boro (Neogale vison Schreber 1777) 3a tppoma Bubipkamu: 1) Bepxniit J{uinpo (KuiBcbka 0611.) Ta iforo mpu-
TOKy mepiioro nopsaaky (p. Jecna, UepHiriBcbka o6i1.), 2) 3BiporocnonapctBo Yepkachkoi 00ICIOKHBCIIIKA
Ha TepuTopii COCHOBCHKOTO MHCIIMBCHKOTO TocnonapcTsa, 3) Oaceitn piuku CiBepcpkuit JloHers (JIyrancpka i
Jownernpka 06i1.). JlocmimKkeHHs, BKIIIOYae B cede cTaHAapTHHI aHaji3 Ha OCHOBI KPaHIOMETPHYHUX IIPOMIpIB IO
19 mapamerpax, aHaii3 GopMH YepeniB MeToJaMH reOMeTPHIHOT MopdoMeTpii okpeMo I TOpcalIbHOT i BEHT-
paJbHOT CTOPOHU uYepena Ta IiYHOi CTOPOHH JIiBOT HW)KHBOI IIeJieny. 3araabHa Bubipka ckiana 29 3paskis. [o-
CII/DKEHHS MOKa3aJio, IO 33 CepeIHIMU 3HA4eHHsIMH, yepenu 3 Oaceliny piuku CiBepcbkuil [loHeup € Haii-
MEHIIMMH 32 pOo3MipaMH, B TOH 4ac K Yepemnu Bi30HA Pid4KOBOro 3 UepKallMHM € KPYNHIIIUMH Cepex AO0CIHi-
JOKEHHX BHOIpOK. AHAli3 METOJaMU TreoMEeTpHYHOI MOpQOMETpil MOKa3aB HasSBHICTP MDKIOMYJALIHUX Bif-
MIHHOCTe#, 0 BUpaXkeHa MiXk reorpaivyHo BignateHHMMH BuOipkamy. HaifGuibin BaXkIMBI 03HAKH, SIKI PO3pi3-
HSIOTH JTOCHI/DKEHI BUOIPKH BKIIIOYAIOTh ()OPMY HOCOBHUX 1 JIOOOBUX KiCTOK, ()OPMY MO3KOBOI KaIlCyJId Ha J0p-
CaJIbHIM CTOpOHI uyepera, a TakKoK (OpMy CTPYKTYp, ITOB’SI3aHUX 3 IIaCTEMOIO Ta MPOKCHMAJIBHOI0 YAaCTHHOIO
TBEPIOTO MiTHEOIHHS, (OPMOIO MMOTWIIMYHMX KiCTOK Yepemna. Po30ikHOCTI y popMi HIDKHBOT IIeeny NoB’13aHi
3 MOJI0KEHHSM BiHLIEBOTO BiIPOCTKY MO BiIHOIIEHHIO IO OCHOBH ILEJIEHH Ta CYTJII000BOTO BiPOCTKY. Y Oiib-
nrocti 3paskiB 3 Oaceliny CiBepcpkoro JliHus Ta BepxHbOro [lHiNpa BiHIEBHUI Ta CYriI000BHIA BigPOCTKU O1IBII
HaONIMKeH1 OJMH O OTHOTO HiX Y 3pa3kiB 3 Uepkacbkoi obnacti. BusBiieHi 0cOOIMBOCTI Ta pe3yabTaTH MOPiB-
HSHHS 3pa3KiB 3 YKpaiHW Ta iHIIMX TEPUTOPiH JO3BOJSIOTH MPHITYCTUTH, IO Y BHIAIKY 3 HIPHPOAHHMH IMOMY-
nsmisiMu Neogale vison, IPOBiJIHY pOJib Y MIHJIUBOCTI reorpadiqHo BiATIICHUX MOMYJIAII MalOTh Taki YMHHU-
KU SIK TTOXO/KEHHsI (€eKT 3aCHOBHMKA), TpodiuHi ajganTarii, Ta craH nomyssuid. [TopiBHSIHHS pe3ynbTaTiB
HAIIOro JIOCIIUKEHHS 3 JOCHIDKEHHSIMH 3 TEPUTOPIH IHIIMX KpalH BKa3ylOTh Ha Te, IO PO3MIpH 4epemiB € Oi-
JBIIMMH CaMe B THX PErioHax Jie B pe3yJbTaTi IHTPOAYyKIil chopMyBaics CTilKi Ta MOTY)XHI MOMYJISLiT, poTe
B PErioHax Ji¢ 10ci TpUBa€ MOMIMPEHHS BHAY a00 (GopMyBaHHS MOIMYJAMii, pO3MIpH YeperliB BUSABHINCH MEH-
MINMH.

KiarouoBi cimoBa: Bi30H PiYKOBHH, KPAaHIOMOTIYHUH aHai3, FeOMETpUYHa MOP(HOMETPisl, IHTPOAYKILisI, piuKO-
Bi OaceiiHu YkpaiHu.

Introduction

The American mink (Neogale vison Schreber, 1777) is an alien species in the Ukrainian fauna.
It appeared in the early 20th century as a commercial species kept in captivity, which then acci-
dentally entered the natural environment and formed natural populations [Pavlov et al. 1973]. In
Ukraine, no large-scale measures were taken to specially release the American mink into the nature
[Koslov & Lavrov 1968], thus the species appeared as a result of escapes from breeding sites. The
first native populations of this mammal species in Ukraine were formed in 1960-1980 [Panov 2002].
The appearance of this animal in the mammal fauna of Ukraine caused considerable concern in the
field of nature conservation, and significantly affected populations of other native species of the
Mustelidae family [Zagorodniuk 2006].

Several studies of the morphology of this alien mammal species from neighbouring territories
indicate that the shape of the animal’s skull acquires certain changes over time, which may be the
result of its adaptation to changing environmental conditions [Stepanova et al. 2023]. There are sev-
eral works on the study of cranial morphometry of the species in other countries [Sedalishchev &
Odnokurtsev 2012; Korablev et al. 2013; Taraska et al. 2016; Stepanova et al. 2023; etc.], but such
analysis has not yet been carried out on materials from different river basins of Ukraine, particularly
by using methods of geometric morphometrics. A similar craniological analysis was carried out
earlier in relation to Ondatra zibethicus [Lazariev & Barkasi 2023].

The aim of the present study is to investigate the morphological differences between Neogale
vison specimens from the river basins of the Upper and Middle Dnipro and Siversky Donets.
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Fig. 1. Map of origin of the studied samples. (1)
Upper Dnipro: (la) specimens from the city of
Kyiv and Kyiv Oblast, (15) Chernihiv Oblast, (1¢)

Zhytomyr Oblast; (2) Middle Dnipro, Cherkasy
Oblast; (3) Siversky Donets River basin: (3a)
Lyman, Donetsk Oblast, (3b) Starobilsk, Luhansk
_ Oblast, (3¢) Slovianoserbsk, Luhansk Oblast.
N Puc. 1. Kapra noxomkennst 3paskis. (1) Bepxwiii
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4 b CiBepcwkoro Jinug: 3a — Jluman, JloHenpka o0,
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Materials and Methods

The studied specimens are housed in the collections of the Department of Zoology (NMNHU—
z), and the Department of Palacontology (NMNHU-p) at the National Museum of Natural History of
the National Academy of Sciences of Ukraine (NMNHU, Kyiv, Ukraine), as well as of the Zoologi-
cal Museum of Taras Shevchenko National University of Kyiv (ZMKU, Kyiv, Ukraine), the Zoolog-
ical Museum of Luhansk Taras Shevchenko National University (ZMLG, Luhansk, Ukraine) and the
State Museum of Nature of V. N. Karazin Kharkiv National University (MNKhU, Kharkiv,
Ukraine). Acronyms for these museums are given after [Zagorodniuk & Shydlovskyy 2014]. Some
specimens were collected by the author and are kept in his personal collection, which is described in
more detail below. All sampling localities are presented in Fig. 1.

In total, 29 skulls of adult American minks from three geographical regions of Ukraine were
used in the analysis:

(1) Upper Dnipro River basin:

Kyiv Oblast, n = 13 (ZMKU, No. 7546; 7559-7563; NMNHU-z, No. 16546—16552, Troieshchyna, mouth
of the Desna River, leg. Shevchenko, collected in 2011; one specimen from the author’s personal collec-
tion, Kyiv, collected in 2024).

Chernihiv Oblast, n =4 (ZMKU, No. 7562; NMNHU-p, No. 6809, leg. V. Smagol, collected in 2003; two
specimens from the author’s personal collection, Mena Raion, collected in 2023).

Due to the geographical proximity, a specimen from Babynichi, Zhytomyr Oblast was also included, n=1
(NMNHU-z, No. 2010, leg. A. Volokh, collected in 2015).

(2) Middle Dnipro River basin:

Animal farm of the Cherkasy Oblast Consumer Union within the territory of the Sosnovsky hunting
ground, n =5, NMNHU-p, No. 6810-6814, leg . Lebid Y. O, collected in 1986.

(3) Siversky Donets River basin:

Luhansk Oblast, n =4 (ZMLG, No. M-00117, leg. S. Litvinenko, det. I. Zagorodniuk; M—00133, Slovi-
anoserbsk, det. I. Zagorodniuk, collected in 2009; M—00136; M—00138, Starobilsk, det. I. Zagorodniuk);
Donetsk Oblast, Lyman, n =2 (MNKhU, No. M—1720-1721, collected in 1986).

Some of the specimens stored in NMNHU-p were previously identified by other scientists as
Mustela lutreola (NMNHU-p, no. 6809) or were assigned only to the family Mustelidae (NMNHU-
p, no. 6810-6814). We re-identified these specimens as Neogale vison.

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

CBL—condylobasal length; CRH—cranial height; CRB—braincase width; ZYG—zygomatic width;

IOR—interorbital width; POR—postorbital width; ROH—rostral height; FIL—incisive foramina length;

BUL—auditory bulla length; BUB—auditory bulla width, DMM—greatest palatal width; DIM—upper

tooth row length; JUG—jugular width; OCC—occipital width; DCM—upper canine—molar length;

MAL—mandible length; MAH—mandible height; dem—Ilower canine—molar length; dim—Ilower tooth-

row length.

Measurements were taken by calliper with an accuracy of 0.1 mm.
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3a N Fig. 2. Landmarks on the dorsal
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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. Consequently, the characters
POR (p =0.0057), BUL (p = 0.0002), OCC (p = 0.0252), CRH (p = 0.0256), DCM (p = 0.0105), and
dim (p = 0.0022) were excluded from further analyses. The equality of means of the samples was
tested by MANOVA; uncorrected p-values were considered 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 et al. 2001].

The shape variation of the American mink skulls was analysed using methods of geometric
morphometrics [Klingenberg & Mclntyre 1998]. For each geographic sample, three sets of land-
marks were studied. On the dorsal surface, 45 landmarks were analysed, of which landmarks 1-6
describe the nasal bones, 11-19 the marginal points and points on the sutures of the frontal bones, 7—
10, 29-33 the zygomatic bones, and 34-45 the neurocranium (Fig. 2a). Of the landmarks on the
ventral surface (51), 1-3, 6-11, 13—15, and 17-19 describe the position of the teeth, 4-5 the incisive
foramina, 20, 21, 23-28, and 33 the zygomatic bones, 34-42 and 45 the auditory bulla, 43—44 the
jugular holes, and 4651 the occipital bones (Fig. 2b). On the mandible, of the 15 landmarks 1-7
describe the alveolar process of the mandible, 7-9 the coronoid process, 9—13 the articular process,
and 13-15 the angular process (Fig. 2¢).

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
MorphoJ [Klingenberg 2011]. Due to the incompleteness of some skulls, one specimen from the
Siversky Donets basin (No. M-00138) was excluded from the ventral surface analysis. Also, the
specimens M-00136 and M-00117 were excluded from the analysis of the mandible shape due to the
absence of this cranial element.

Shape variation of the American mink skulls were analysed using principal component analysis
(PCA) and canonical variate analysis (CVA) in Morphol. The first three principal components were
retained for detailed analysis. Differences between samples from different river basins 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 4.16c¢ [Hammer et al. 2001]. Uncorrected p-values were considered for the acceptance or
rejection of the null hypotheses.

Most specimens were collected in 2000-2024. Collections of Neogale vison specimens in
Ukrainian museums are poor compared to other alien species (Ondatra zibethicus, Nyctereutes pro-
cyonoides), which might be due to the relatively later formation of natural populations of the species
and the ongoing process of the species’ expansion [Lazariev 2023].
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Results and Discussion

Linear morphometrics

Among the studied samples the highest size indices are observed in samples from the Cherkasy
Oblast, which, in our opinion, indicates the likely origin of these samples from farm-raised animals,
as the skulls of such animals are in most cases significantly larger [ Taraska ez al. 2016; Tamlin ef al.
2009], and the general body parameters of farmed animals of this species are also significantly larger
[Mucha et al. 2021].

The animals from the Upper Dnipro and Siversky Donets basins are noticeably smaller, but
these samples also differ slightly from each other. Specimens from Kyiv, Chernihiv, and Zhytomyr
oblasts are somewhat larger than those from the Siversky Donets basin, which were the smallest
among the studied material, but some parameters in specimens from the Donets are still slightly hig-
her, in particular DMM, MAL, and dem. Such indicators as FIL are the same for Dnipro and Donets.
However, no significant differences were found between the three samples (MANOVA, p > 0.05).

The largest coefficients of variation are characteristic of such features as FIL, MAH for all sam-
ples. In addition, ROH, dcm, and dim are among the most variable traits in the Dnipro sample, and
BUL, BUB, JUG, and OCC are among the most variable traits in the Donets sample. In specimens
from Cherkasy Oblast, the most variable traits are MAL and IOR (Table 1).

It is worth noting that the Siversky Donets is a smaller river, in terms of basin area, length, and
water content, compared to the Dnipro River basin. In this regard, we suggest that animal size can be
explained by the ‘hydrobiont rule’, according to which body size is larger in animals associated with
large river floodplains and high ecosystem productivity [Panteleev 1996, 2001].

The principal component analysis (PCA) of American mink craniometric traits showed that the
first three components describe 86% of the total variance, of which PC1 describes 65% and PC2
12% (Table 2). All traits have a positive score on PC1, and the highest loadings have the characters
CBL, MAL, ZYG, and CRB, which describe the main dimensions of the skull. DIM and dcm, which
describe the dimensions of the dentition, also have relatively high scores.

Table 1. Results of measurements of Neogale vison skulls in three samples from the territory of Ukraine

Tabmuns 1. PesynsraT BuMipiB uepeniB Neogale vison i3 TpboX BHOIPOK 13 TepUTOPii YKpaiHu

Charac- Upper Dnipro (wild) Siversky Donets (wild) Cherkasy Oblast (farm)

ters min—max M+ SD CV min—max M+ SD CV min—max M+ SD (6\Y

CBL 59.8-76.0 66.2+4.0 6.1 59.0-68.5 64.0+4.0 6.2  66.0-725 70.0+2.7 3.8
CRB 29.7-394 339+25 7.3 28.1-36.0 325+29 9.0 36.0-405 37.0+£2.0 53
ZYG 33.4-43.0 38.7£29 7.6 32.6-40.0 363+29 79 38.7442 409%22 5.4
IOR 13.1-18.7 157+13 8.3 12.0-15.7 141+1.4 9.7 13.8-17.5 152+14 9.1
POR 11.2-17.1 132+13 9.8 11.5-140 13.0+1.0 7.9 114-13.9 12.7+0.9 7.4
FIL 2.0-3.6 28+04 16.0 2.0-2.6 22+03 11.5 2.2-3.0 27+04 13.6
DMM 19.7-243 222+14 6.1 20.0-232 21.6+13 5.8 221240 228+0.7 3.2
DIM 21.3-30.1 24.0+2.0 8.5 21.0-26.0 232+1.8 7.9 245-26 253 +0.6 2.6
BUL 15.5-18.6 17.4+0.7 42 13.0-18.0 163+19 11.8 16.8-18.7 18.0+0.8 4.5
BUB 10.0-13.1  11.7+0.8 6.8 9.2-13.0 11.1+£1.5 138 11.0-124 11.5+0.6 5.4
JUuG 11.1-16.1 13.8+1.3 9.3 10.0-13.0 11.3+13 11.6 134-150 140+06 43
oCC 15.0-19.0 17.1£1.1 6.6 13.0-16.3 148+1.7 113 169-182 17.7+0.6 3.3
CRH 22.5-292 244+1.6 6.6 21.2-250 238+1.6 6.7 240270 254+£12 46
ROH 15.0-22.7 17.7+£2.1 11.7 13.0-16.4 15.0+1.3 8.5 16.8-18.8 17.6+0.8 4.3
DCM 19.0-275 21.5+1.9 9.1 19.0-23.0 20.7+1.5 7.5 0 22.1-256 232+14 6.0
MAL 33.1-489 39.6+3.9 9.9 33.4-42.0 388+3.7 9.6 36453 42.0+3.6 8.5
MAH 15.8-21.8 18.8=+1.8 9.3 153240 193+£3.6 185 19.827  21.7+3.1 14.1
Dcm 18.1-33.0 22.5+3.6 16.2 22.0-24.1 23115 6.4 260278 265+0.7 2.8
Dim 22.2-340 254+2.6 10.3 222244 233+1.6 6.7 265278 272£0.5 2.0
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Table 2. Factor loadings of the linear craniometrical characters on the first three principal components

Ta6mums 2. @akTopHi HaBaHTAXXCHHS JTiHIIHUX KPaHIOMETPUYHHUX O3HAK HA IMEPIi TPU FOJOBHI KOMIIOHEHTH

Character ‘ PC1 ‘ PC2 l PC3 Character | PC1 ‘ PC2 I PC3
CBL 0.5365 0.1132 0.0324 BUB 0.0729 -0.0254 0.1292
CRB 0.3006 0.2287 0.2638 JUG 0.0934 -0.0061 0.3262
ZYG 0.3637 0.0677 0.4002 ROH 0.1706 0.0035 0.2187
IOR 0.1443 -0.0096 0.1925 MAL 0.4901 -0.7494 -0.2724
FIL 0.0089 0.0319 0.0286 MAH 0.1690 0.4710 -0.0865
DMM 0.1512 0.0524 0.0983 Dcm 0.2900 0.3618 -0.6805
DIM 0.2226 0.1057 -0.0760 Variance, % 65.38 12.05 8.85
204 Cherkasy Oblast (farm) & 3
Siversky Donets @ 2 4 = "u
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pper Dnipro = s Teb - "
§ 10 ES 04 - ._? I" [
w ke ]
S8 51 o -1 4 nu
= = 2 = Upper Dnipro =
4 s o~ -< 1
g 0 lr‘..—,__l.ﬁ . 3 3 Siversky Donets e
5 1 - 4l Cherkasy Oblast
. (farm) 4
-10 T T T T T T T 1 -5 T T T T T T T T
220 -15 -10 -5 © 5 10 15 20 6 -5 4 -3 -2 -1 01 2
PC1 (65.38 %) a CVI(61.83 %) h

Fig. 3. The distribution of American mink samples in the space of the first two principal components (a) and canoni-
cal variates (b) based on linear craniometrical characters.

Puc. 3. Po3noxin BHOIpOK Bi30Ha PiYKOBOTO Yy MPOCTOPI MEPIIUX ABOX T'OJIOBHHX KOMIIOHEHT (@) Ta KaHOHIYHUX
3MiHHUX (b) 3a JIHIHHUMH KpaHIOMETPHYHUMH O3HAKAMH.

All traits have a positive score on PC1, and the highest loadings have the characters CBL,
MAL, ZYG, and CRB, which describe the main dimensions of the skull. DIM and dcm, which de-
scribe the dimensions of the dentition, also have relatively high scores.

In the space of PC1 and PC2, the Siversky Donets and Cherkasy samples tend to separate along
PC1 (Fig. 3a). Specimens from Cherkasy Oblast have the highest positive loads on PC1 (respective-
ly, higher length, width, and height of the skull, and higher jaw height). Along PC2, specimens from
Cherkasy Oblast also have higher scores, related to the width and length of the dentition. Despite the
similarities between the samples by absolute values of craniometrical characters, canonical variate
analysis (CVA) shows their discrimination in the multivariate morphospace, particularly the Siver-
sky Donets sample along CV1 and the Cherkasy sample along CV2 (Fig. 3b).

The comparison with samples from other territories showed that founder effect, natural condi-
tions, and population status and ecosystem productivity are most likely to be responsible for the size
differences between geographically separated samples. For example, samples with smaller sizes are
found in large river basins, such as the Omolon and Anadyr river basins in Russia (Table 3).

Specimens from central Canada are also noticeably smaller, despite the fact that this area is the
natural distribution range of the species. Some researchers have pointed out that Neogale vison re-
leased from farms could have a negative impact on the natural population of American mink, in
particular, causing a decrease in their numbers due to outbreeding depression and the introduction of
new diseases into natural populations [Bowman 2007]. This suggests a deterioration in the condition
of the American mink populations in some areas of its natural range and a decrease in the overall and
skull size in wild populations. In general, the largest specimens were reported from the West Pomer-
anian Voivodeship of Poland, while the smallest from the Anadyr River basin in the Chukotka. Cu-
riously, a repeated measurement of the size of wild minks from Yakutia with a difference of 40 years
(1980-2020) may indicate the possibility of an increase in the size of Neogale vison in the areas of
introduction in the process of development and formation of natural populations.
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Table 3. Mean values (mm) of craniometrical characters of American mink from different countries and regions

Ta6mmms 3. Cepenni 3HaYeHHS (MM) KpaHIOMETPUYHHX O3HAK Bi30HA PIYKOBOTO i3 Pi3HUX KpaiH i1 perioHiB

Region ‘ Sex ‘ n l CBL l ZYG ‘ POR | CRH ‘ MAL ‘ MAH I References
Ukraine 38 14 67.0 393 13.4 24.6 40.8 19.7  this study
Q 9 62.5 355 12.8 23.2 36.2 17.1

total 29 65.4 37.9 13.2 24.1 39.2 18.8
Poland, West 38 20 69.0 40.2 13.2 21.4 40.1 19.8 Taraska ef al. 2016
Pomeranian Q 12 61.9 34.8 11.8 18.9 35.0 16.8
Voivodeship total 32 664 382 127 205 382 187
Canada, Ontario a8 65 64.3 — 12.5 — — —  Tamlin et al. 2009

Q 35 58.1 — 11.9 — — —

total 100 61.9 — 12.1 — — —
Russia, Republic & 18 65.8 38.9 — 23.7 — —  Sedalishchev &
of Sakha, 1980 Q 12 58.8 33.6 _ 215 _ __ Odnokurtsev 2012

total 30 62.3 36.2 — 22,6 — —
Russia, Republic & 54 67.1 38.6 12.5 23.5 38.3 18.7 Stepanova et al. 2023
of Sakha, 2020 Q 31 594 333 118 222 329 15.6

total 85 63.4 35.9 12.1 22.9 35.6 17.1
Russia, Altai a 16 66.4 37.1 — — — —  Ternovsky 1958
Republic Q 9 59.3 32.8 — — — —

total 25 62.8 34.9 — — — —
Russia, Bashkor- & 16 66.4 37.8 — — — —  Pavlinin 1962
tostan Q 5 59.0 33.0 — — — —

total 21 62.7 70.8 — — — —
Russia, Omolon a 14 66.0 37.7 — 23.6 39.9 —  Chernyavsky 1984
River basin Q 10 59.2 329 — 214 34.6 —

total 24 62.6 35.3 — 22.5 37.2 —
Russia, Anadyr 3 17 66.5 38.1 — 23.6 40.3 —  Chernyavsky 1984
River basin Q 15 57.0 31.6 — 19.9 33.0 —

total 32 61.7 34.8 — 21.4 36.6 —

Geometric morphometrics

The shapes of the dorsal and ventral surfaces of the skull, as well as the buccal surface of the
mandible, were analysed using the tools of landmark-based geometric morphometrics. According to
the results of the analysis of the dorsal surface, 83% of the variance is described by the first eight
principal components, of which 34.45% is described by PC1 and 17.15% by PC2. The highest nega-
tive scores on PC1 were recorded for the points x17-x19, describing the proximal edges of the
frontal bones, whereas the highest positive loadings were recorded for the points describing the ex-
ternal contours and structures of the skull at y5-y6, y7-y8, y26—-y27, y39—y40, and x22-x23
(Fig. 4a). The letters ‘x’ and ‘y’ refer to the respective Procrustes shape coordinates of the analysed
landmarks.

Most specimens from the Dnipro sample are characterised by narrower braincases and frontal
bones, while the specimens from the Donets and Cherkasy samples are characterised by having gen-
erally wider skulls, moderately widened and elongated braincases, and narrowed and shortened
frontal and nasal bones. In this case, the exception is the specimens from Donetsk Oblast, which are
closer to the negative end of PC2 (Fig. 4b): the braincase is shorter, but they have longer frontal and
nasal bones, and the skull is narrower than in most specimens.

Principal component analysis demonstrates that the specimens largely overlap in the space of
PC1 and PC2, although specimens from Cherkasy Oblast tend to form a clear cluster closer to the
positive end PC1 (Fig. 54). Canonical variate analysis showed that the samples are well discriminat-
ed in the morphospace. The Cherkasy and the Donets samples separate from the Upper Dnipro along
CV1, while the latter has an intermediate position along CV2 (Fig. 5b).
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The most distant are the Upper Dnipro and Cherkasy samples, and the differences between them
are significant (p < 0.05; Table 4). According to the results of the analysis of the ventral surface of
the skull, 82% of the variance is described by the first nine principal components, among which PC1
accounts for 30.14% and PC2 for 14.39%. The highest positive factor loadings on PC1 have the
points x25, x26, x29, x32, with relatively high values also y11, y12, x24, x27, x28, and x33.
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Fig 4. Variation of the shape of the dorsal surface of the skull along PC1 (a) and PC2 (b).
Puc 4. 3minu popmu nopcansHoi moBepxHi uepena 3a I'K1 (a) ra K2 (b).
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Fig. 5. Distribution of American mink specimens from different regions of Ukraine according to the shape of the
dorsal surface of the skull: (@) in the space of the first two principal components; (b) in the space of the first two
canonical variates.

Puc. 5. Po3mnonin 3pa3kiB Bi30Ha PiYKOBOTO i3 Pi3HUX PErioHiB YKpaiHu 3a (HOpMOIO JOpCaabHOI MOBEPXHI ueperna:
(a) y mpocTopi mepuux JBOX FOJIOBHUX KOMITOHEHT; (b) y MPOCTOpi MEePIINX IBOX KAHOHIYHNX 3MIHHHX.

Table 4. Mahalanobis distances (Dy;) among 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-3HAYE€HHS MOMApHOTO OTHO(PAKTOPHOTO
PERMANOVA nHa ocHOBI HaBaHTa)keHb Ha ['K

Group Samples Upper Dnipro | Siversky Donets | Cherkasy Oblast
Dorsal (F =2.3309; p = 0.0042) Upper Dnipro — 6.470 7.359
Siversky Donets 0.174 — 6.905
Cherkasy Oblast 0.005 0.101 —
Ventral (F =2.0932; p=0.0028) Upper Dnipro — 5.100 5.590
Siversky Donets 0.211 — 6.358
Cherkasy Oblast 0.029 0.0163 —
Mandible (F =3.3202; p = 0.0001) Upper Dnipro — 9.1122 11.441
Siversky Donets 0.192 — 9.195
Cherkasy Oblast 0.000 0.056 —

Note: p <0.05 are given in bold.
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Fig. 6. Variation of the shape of the ventral surface of the skull along PC1 (a) and PC2 (b).
Puc. 6. 3minu Gpopmu BenTpanpHoi noBepxHi ueperna 3a I'K1 (a) ra I'K2 (b).

These landmarks are mostly related to the shape of the zygomatic bones. The largest negative
scores on PC1 have the points x1-x10, x42, and x45, which describe the shape of the nasal bones
and the occipital region of the skull (Fig. 6a). On PC2, the highest positive factor loadings have the
points x11 and y48, and relatively high scores have x14, y15, y24—y35, y46, and y47. The highest
negative loadings have the points y11, y12, y21, and y23, with relatively high negative values of
y13—y15, y18, y24—y27, y29—y32, y34, y35, y46, and y47, indicating variation in the outline of vari-
ous skull structures. (Fig. 6b).

The analysis of the ventral surface showed that samples from the Cherkasy region generally
have longer skulls, correspondingly elongated nasal bones, bones forming the rostrum and structures
in the area of the brain capsule, in contrast to samples from the Upper Dnipro and Siverskyi Donets.

According to the shape of the ventral surface of the skull, there are more noticeable differences
between the samples. While specimens from all three samples overlap in the space of PC1 and PC2,
especially so the ones from the Upper Dnipro, specimens from Cherkasy and the Siversky Donets
tend to separate along PC1 (Fig. 7a). Canonical variate analysis shows that each sample forms a
separate clouds in the morphospace. The Upper Dnipro sample, as in the case as in the case with the
dorsal surface, separates along CV1 from the other two samples. On the other hand, the Cherkasy
sample separates along CV2 (Fig. 7b). It is the most distant from the Upper Dnipro sample and dif-
fers significantly from both the Upper Dnipro and the Siversky Donets samples (p < 0.05; Table 4).

The analysis of the buccal side of the mandible showed that 83.36% of the variance is described
by the first six principal components, of which PC1 describes 24.90% and PC2 describes 22.48%.
The highest positive scores on PC1 have the points x8, x14, y11, and y15, and relatively high values
have x6, x7, and x10. The highest negative loadings on PC1 have the points y8, x11, and x14.
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Fig. 7. Distribution of American mink specimens from different regions of Ukraine according to the shape of the
ventral 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. 7. Po3noain 3pa3kiB Bi3oHa pi4KOBOTO i3 pi3HUX perioHiB Ykpainu 3a (OpMOI0 BEHTpanbHOI OBEPXHi yepena:
(a) y mpocTopi Hepuiux ABOX FOJIOBHUX KOMIIOHEHT; (6) Y MPOCTOPi MEPILIMX ABOX KAHOHIYHUX 3MIHHUX.
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All these coordinates are related to the extreme points of coronoid, articular and angular pro-
cesses of the mandible (Fig. 8a). On PC2, the highest positive loadings have the points x5, y5, yo6,
y7, and y8, describing the height of the base of the mandible in the area of the tooth row. Whereas
the most negative scores have x1, x2, x10, x11, x14, y1, and y11 which generally describe the length
of the mandible, and the shape of the jaw in the canine area and articular, angular process (Fig. 8b).

In the morphospace of the first two principal components, the specimens demonstrate a great
overlap, similarly to the analysis of the dorsal and ventral sides of the skull, although the Cherkasy
specimens tend to aggregate at the negative end of PC1 and also tend to slightly separate along PC2
(Fig. 9a). Nevertheless, canonical variate analysis shows that all three samples are well separated in
the space of CV1 and CV2, particularly the Upper Dnipro and Cherkasy samples along CV1 and the
Siversky Donets sample from the other two along CV2 (Fig. 9b). The Cherkasy sample is the most
distant and significantly differs from the Upper Dnipro sample (p < 0.05), although it also differs
notably from the Siversky Donets sample as well (see: Table 4).

Results of the geometric morphometric analysis of the skull of American minks indicate that the
most substantial differences are characteristic for the sample from Cherkasy Oblast. These are spec-
imens of farmed minks, which also have larger cranial dimensions. The Mahalanobis distances also
demonstrate that the samples that came from natural environments (i.e. the Upper Dnipro and Siv-
ersky Donets samples) are the closest according to all three analyses of shape variation of the skull

In the course of this study, there was no significant correlation between skull shape or size and
geographical distance of the populations, so when considering possible causes of differences in skull
shape and size, it should be noted that the condition of the populations studied, natural conditions,
and the founder effect may have played a significant role. The study also confirms the high value of
geometric mophometrics analysis in exploring the variability of the shape of skull of the studied
species, particularly in samples that come from different geographic regions as well as different
conditions of existence, both natural habitats and fur farms.

Fig. 8. Variation of the shape of the buccal surface of the left mandible PC1 (a) and PC2 (b).
Puc. 8. 3minn hopmu mivHOT MoBepxHi JiBoi HIKHBOI mienenu 3a ['K1 (a) Ta [K2 (b).
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Fig. 9. Distribution of American mink specimens from different regions of Ukraine according to the shape of buccal
surface of the left mandible: (a) in the space of the first two principal components; (b) in the space of the first two ca-
nonical variates.

Puc. 9. Posmozin 3pa3kiB Bi3oHa piYKOBOTO 13 Pi3HUX PETIOHIB YKpaiHH 32 (OPMOFO MIIYHOI MOBEPXHI JIiBOI HUKHBOT
miesnerny: (@) y mpocTopi MepIInX ABOX FOJIOBHUX KOMIIOHEHT; (6) y IPOCTOPI MEPIIHX ABOX KAHOHIYHMX 3MiHHUX.
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Conclusions
Based on the results of this study, the following conclusions can be drawn:

1. According to the results of the measurements of the three samples from Ukraine and their sta-
tistical analysis, the largest American mink specimens were those from Cherkasy Oblast, whose size
and shape analysis confirms that these samples originated from farms. Specimens from the Donets
River basin were the smallest, but they did not differ significantly in size from the Upper Dnipro
sample. This is explained by the different conditions and resources in which these populations exist.

2. Comparing the results of our study with the literature from other areas, we find the following
features: skulls from the area of natural distribution of the species are smaller than in several coun-
tries that are part of introduction range of this species. We assume that this phenomenon is another
result of outbreeding depression and the fact that farmed American minks introduce new diseases
into natural populations. At the same time, as populations develop in the areas of introduction, the
size of animals and their skulls can increase, as shown by repeated studies in Sakha Republic.

3. Geometric morphometric analysis showed that minks from natural populations (Upper
Dnipro, Siversky Donets) and from farms (Cherkasy Oblast) are morphologically the most distant.
Less pronounced but statistically significant or close to significant differences are also observed
between samples from natural populations: between the Upper Dnipro and Siversky Donets samples
by the shape of the ventral surface of the skull and the shape of the mandible.

4. The most significant differences are related to the shape of the frontal bones and sutures, na-
sal bones, the shape of the braincase and related structures of the ventral surface of the skull. The
most variable was the shape of the mandible, particularly the height of the mandible body, the posi-
tion of the coronoid process relative to the jaw base and articular process, and the size of the articu-
lar process.

5. Based on the identified features, it can be assumed that the main factors affecting the shape
and size of the skull and its structures are the environmental conditions in which the animals live, the
origin of these natural populations (founder effect), and the state of natural populations.
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