Theriologia Ukrainica, 23: 31-46 (2022)
p-ISSN 2616-7379 « e-ISSN 2617-1120

DOI: 10.15407/TU2306

SD42100G

L]
s
£
]
1=
G
=}

Theriologicae

REINTRODUCTION SHAPES THE GENETIC STRUCTURE OF THE RED DEER
(CERVUS ELAPHUS) POPULATION IN BELARUS

A. A. Valnisty ©, K. V. Homel @, E. E. Kheidorova ©, M. E. Nikiforov ©,
V. O. Molchan, P. Y. Lobanovskaya, A. A. Semionova

Key words

red deer, ungulates, game species,
genetic structure, reintroduction,
population augmentation, mi-
crosatellite analysis, Belarus

doi

http://doi.org/10.15407/TU2306

Article info

submitted: 29.04.2022
revised: 11.06.2022
accepted: 30.06.2022

Language

English, Ukrainian summary

Affiliations

Scientific and Practical Centre for
Bioresources of the National
Academy of Sciences of Belarus
(Minsk, Belarus)

Correspondence

Arseni Valnisty; Scientific and
Practical Centre for Bioresources,
NAS of Belarus; 27 Akademi¢naja
Street, Minsk, 220072 Belarus;
e-mail: volnisty.aa@yandex.ru;
orcid: 0000-0002-3612-1467;
ResearcherID: CAJ-4936-2022

Abstract

The red deer (Cervus elaphus) is considered a valuable and important ungulate
species with significant ecological role and high importance as a game species in
Europe. Its local population in Belarus had undergone extended periods of decline
in the past, followed by multiple reintroduction campaigns and management policy
adjustments during the Soviet and post-Soviet periods, which eventually led to a
recent spike in estimated population numbers. Along with increasing the numbers,
those reintroductions have made the understanding of the structure and origins of
the populations for the purpose of proper management and sustainable long-term
growth much more complicated. Information on the origin of the reintroduction
stock has often been lacking, while control of the red deer population dynamics in
Belarus is currently limited to indirect survey of putative population numbers, with
no utilization of contemporary genetic analysis. Here we report an estimate and
interpretation of the red deer population structure in Belarus based on the analysis
of microsatellite genotype data from 118 individuals of the red deer from the most
well-known groups across Belarus. These specimens were genotyped using a novel
multiplex panel of 14 microsatellite loci with various levels of polymorphism. We
describe two red deer subpopulations with overlapping ranges that form the Bela-
russian metapopulation. We also report estimates of their genetic diversity, gained
from the analysis of molecular variance, Bayesian analysis of genetic structure,
differentiation indices, genetic bottleneck event analysis, and standard genetic
diversity metrics. Based on the geographical distribution of subpopulations, their
genetic differentiation and known history of red deer reintroductions in Belarus, we
consider that both these subpopulations emerged mostly out of the patterns of ani-
mal release during two separate periods of reintroduction. We also suggest appro-
priate population management adjustments arising from the issue of anthropogenic
reintroductions that determine the population structure in this managed species.
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PeinTpoaykuist popmMye reHeTHUHY CTPYKTYPY NMONMYJIsilii 0JIeHs1 0J1aropoIHOro
(Cervus elaphus) y Binopyci

A. A. Bagnicruii, K. B. I'omeas, €. E. Xeiinoposa, M. €. Hikidopos, B. O. Mosuan,
I1. FO. Jlo6anoBckasi, A. A. CeMmeHOBa

Pesrome. Ha Tepuropii €Bpomnu ojeHs NUIIXETHHH BIAHOCHTBHCSA 10 MIHHUX MHCIUBCHKUX BHIIB KOIUTHUX,
SIKHAI Ma€e BUCOKE €KOJIOTiYHEe 3HAYEHHS i CTaTyC OJHOTO 3 KJIIOYOBUX MHCIMBCHKUX BHUJIB Ha KOHTHHEHTI. [Ipn
BOMY KOHKPETHO O1JIOpYChbKa MOIMYJIALIs OJeHS NUIIXETHOTO XapaKTePH3YEThCS CKIAIHOIO0 iICTOpi€r0, BKIIOYA-
I0YM JEKiJIbKa BUMAJIKIB KPUTUYHOTO 3MEHIICHHS YHCEIBbHOCTI, CKOPOUYCHHS apeaty i HOoJajblle BiTHOBICHHS
3aBISIKH 3aX0JaM 3 PEIHTPOAYKLIi BUIY, 10 IPOBOAMINCS Y PAASHCHKHN 1 HOCTpaasHChkui nepioau. Kammanii
II0/I0 BiZTHOBJICHHSI YUCEIBHOCTI, OOPOTHOH 3 OPaKOHBEPCTBOM 1 MOZEPHi3alis O1I0TEXHIYHUX METOJIB MiATPH-
MYBaHHSI TTOITYJISLIT 3PEIITOI0 NPU3BENIN [0 MIBUIKOTO POCTY YHCEIBHOCTI OLIOPYCHKOT MOITYJIALIT OeHs MUIs-
XETHOTO 32 OcTaHHI poku. OJHAK 3aX0IH 3 PEIHTPOIYKIIi TaKOXK 3HAUYHO YCKIAIHWIN XapaKTEePHCTHKY IOXO-
JUKEHHSI 1 TeHeTHYHOI CTPYKTYpH OLTOpYCHKOI MOITYJIALil OJNeHs NULIXETHOTO 4yepe3 Hecrady iHdopmarii nmpo
MOXOJDKEHHSI 0COOMH 1 JIOKaJi3amil po3ceieHb, TOl K CydacHHH MOHITOPHHI MOMYJISIIHHOT JUHAMIKU OJICHS
NUIIXETHOTO y Bijopyci 3BOANTHCA 10 HEMPSMOTO OOJIIKY YHCENBHOCTI MepeadadyBaHUX MOMYILILiN y Mexax
JICHUITB 1 MUCIMBCHKUX YTib, X0Ua Cy4acHI METOIU T€HETHYHOTO aHali3y, U0 37[aTHI HagaTH OUIbII TOYHI Bi-
JIOMOCTI MPO TOXOKEHHS 0COOWH 1 MOMYJIALIAHY CTPYKTYPY Ui KOPEKTHOTO BUIUICHHS OAMHUID YIIPaBIiHHS,
JOTETIep HE 3aCTOCOBYBaNHCA. Y Iiif poOOTi MpeACTaBIEHO Pe3yNbTaTh BU3HAUYCHHA T€HETHYHOI CTPYKTYpH Oi-
JIOPYCHKOT MOMYIIALIT OJIEHS IUIIXETHOTO Ha OCHOBI JAHMX MIKPOCATENIiITHOTO TeHOTUITYBaHHA 188 ocoOuH, B3s-
THX 13 OUTBIIOCTI BiTOMUX HNOMYJIALIHHUX IPYH HA TEPUTOPIl KpalHH, 3a JOMOMOTOI0 MaHeni 3 14 MikpocaTeiT-
HHX JIOKYCIB 3 Pi3HUM CTyIeHeM nosiMop¢izmy. HaBeneHo XapakTepuCTHKY ABOX CyOIOIyJIsLii, apeany sKux
MEePEKPHUBAIOTHCS 1 SKUX BUSBICHO B MeXaxX OLTOPYCHKOI METaIromyIIsllii, a TaKOX OIIIHKY IXHBOi B3a€MHOI Te-
HeTHYHOI IudepeHniiioBaHOCTI H BHYTPINIHROIO TEHETHYHOTO PI3HOMAHITTS, OJiepyKaHi B pe3yibTaTi aHamizy
MIKpOCATENITHUX JaHHUX. 3aIPOIIOHOBAHO TiMOTE3y MOXOPKEHHS CyONONyILiil y pe3yapTaTi ABOX PO3IUIECHUX
y 4aci KaMIaHii BUITYyCKY TBapHH, a TaKOXK 3aXOJH T'OCIIOJAPCHKOT0 YIPABIiHHS HOMYJIALIIMHI BiIIOBIAHO 10
BUSIBJICHOI T€HETHYHOI CTPYKTYpHU.

KiarouoBi cioBa: OJeHb HUISXETHUIl, KONUTHI, MUCIMBCHKI BHIH, T€HETHYHA CTPYKTYpa, PEIHTPOIYKILis,
301IBIICHHS MOMYJIALIT, MIKpOcaTeNiTHHI aHawi3, binmopycs.

Introduction

The Belorussian population of the red deer has a rather complicated history, including multiple
declines, artificial reintroductions from various sources, and eventual rapid growth. The species is
known to be practically non-existent in Belarus by the 18th century [Romanov 2000], with a series
of efforts to restore the local population following soon, aiming to establish suitable deer hunting
grounds. This was accomplished through several reintroduction campaigns using various stock [Ko-
zlo 1972; Shakun et al. 2021]. The latest campaign was undertaken from 2006 until 2020, and in-
cluded releases of deer taken from local or foreign stock in hundreds of natural habitat localities
across Belarus, with a total of about 3200 released animals, according to the National Plan on the
Red deer population management by Shakun and Veligurov. By 2022, most of the regions utilized
for reintroduction have shown significant growth of local red deer populations, suggesting a success-
ful reintroduction. However, the reintroduction effort did not include any measures for genetic con-
trol and monitoring of the reinforced and new populations, while the data on the stock material used
for some of the reintroductions is scarce. The only measure of control over reintroduction effects
was limited to indirect census across hunting grounds and preserves [Shakun et al. 2021].

Research into ungulate populations across Europe has shown that aside from supporting popula-
tion growth, reintroductions can have unforeseen consequences and leave populations vulnerable and
harder to manage further on [Nussey et al. 2006; Dellicour et al. 2011; Niedziatkowska et al. 2012;
Queiros et al. 2019]. Founder effect and heterozygocity loss due to the Wahlund effect during relo-
cations pose risk for a loss of genetic diversity and fitness, and, eventually, along with hunting pres-
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sure and habitat loss due to anthropogenic effects, to population decline. Another potential issue is
the creation of isolated populations incapable of maintaining stable population growth due to limited
adaptability in a new habitat [Reed & Frankham 2003; Spielman et al. 2004; Frankham 2005]. Addi-
tionally, we note that the genetic structure and diversity of the red deer in Belarus has never been
studied before.

In this context, a study of genetic structure and diversity in the Belarusian red deer is of signifi-
cant interest, as we can finally make a thorough genetic description of one of the important and least
studied populations of this valuable species on the continent, while also observing the genetic effects
of a wide-scale reintroduction campaign right after its conclusion. Problematic population groups
requiring additional attention for conservation can be revealed in this process, as we observed the
effects of a massive reintroduction campaign on the structure of a model nation-wide ungulate popu-
lation. All of this would serve the development of a more effective and scientifically rigid approach
to population management [Apollonio et al. 2017; Ralls et al. 2018; Rodger & Clulow 2021].

Our goals in the present study are to reveal and explain the genetic structure in the Belarusian
population of red deer, to estimate the genetic diversity within the population, and to provide rec-
ommendations to account for the genetic factor in population management of the species. Therefore,
we have set out to genotype and analyse the Belorussian deer population using microsatellite mark-
ers.

Materials and methods
The studied population

The Belarusian red deer population was estimated to have a size of about 36 000 animals as of
late 2021, which is a steady increase from 31 000 in 2020'. The population has shown continuous
growth since 2006 (Fig. 1), which is due to the reintroduction campaigns of that period, as well as
due to the adoption of scientifically based contemporary practices of population conservation and
management according to the data on the Environmental protection in the Republic of Belarus in
2021 (by the National Statistical Committe of the Republic of Belarus).
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Fig. 1. Dynamics of the red deer population in Belarus in the last decades, according to data from the Ministry of
Forestry of the Republic of Belarus.

Puc. 1. JluHamika 4nCeNIbHOCTI OJIEHs NUIIXETHOTO Ha TepHuTopii bimopyci 3a ocTaHHI AECSTUIITTS, BIAMOBIAHO 10
nanux MiHicTepcTBa JicoBoro rocroaapcersa Pecriy6mniku Binopycs.

! Reports on the management of the hunting economy for 2020-2022. Ministry of Forestry of the Republic of Belarus, Minsk.
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The species in the study area is characterised by emergence of the original population out of
haplotype groups A and C, originating from the Iberian and Balkan refugia, respectively [Ludt et al.
2004; Niedziatkowska et al. 2021, 2011; Skog et al. 2009]. The population suffered a drastic decline
due to anthropogenic pressure in the 18th and 19th centuries, and then another decline in the first
half of the 20th century. Throughout the entire 20th century, the Belarusian population had relatively
low abundance (<3000 individuals), distributed across only a part of potential range [Kozlo 1972;
Romanov & Kozlo 2002; Shostak 1974; Shostak et al. 1974].

Starting from 1955, a reintroduction campaign accomplished release of stock deer from Be-
lovezhskaya Pushcha National Park (further referred to as Belovezha Forest) and Voronezh Preserve
into new habitats [Kozlo 1972; Shostak et al. 1974]. The campaign was cut short in the 1990s after
resettling about 1600 animals due to socioeconomic issues, but reinstigated in 2006. This campaign
managed to release about 3200 deer of Belovezha Forest stock, as well as animals from Lithuania,
Hungary, and Austria across multiple Belarussian habitats, but without documenting the data on the
animal stock thoroughly enough for many specific releases. Cases of Caucasian sika deer (Cervus
nippon) from the Caucasus and Altai wapiti (Cervus elaphus maral) releases are known too [Shakun
2011; Shakun & Veligurov 2018].

The Belarusian part of the red deer range is characterised by minimal presence of major geo-
graphical obstacles for the animal’s migration, aside from major rivers and national borders, while
the range itself is significantly fragmented due to human activity, mainly of dispersed deforestation
[Pirozhnik & Martsinkevich 2006]. This makes deer migration between various groups in the range
possible, but slow and unlikely on a short timescale, which is the condition that necessitated reintro-
ductions in the first place.

Analysis outline

We based the present study on statistical analysis of genotypes obtained from microsatellite
fragment sets, amplified from genomes of a wide sample of red deer, made up from individuals har-
vested along most of the Belarusian part of its range. Genetic structure was determined from geno-
types through Bayesian analysis and AMOVA (Analysis of Molecular Variance). We then incorpo-
rated the obtained genetic structure into the same set of genotype data for further analysis of genetic
diversity and differentiation of the discovered subpopulations.

Sampling

We have sampled 118 red deer specimens from every administrative region of Belarus, includ-
ing 22 individuals in the Vitebsk region, 29 in Brest, 16 in Grodno, 25 in Minsk, 20 in Gomel, and
6 in the Mogilev region, which we estimate to be sufficient to reveal the most possible genetic
groups using microsatellite analysis [Hale et al. 2012]. Figure 2 shows the geographic distribution of
genetic samples used in the present study.

Samples were harvested from free-ranging animals killed in legal hunts or culls, and provided
for research by cooperating forestry and preserve authorities, at which point they were entered into
the Genetic Bank of Wildlife of SSPA ‘SPC NAS of Belarus for Bioresources’ and stored in cryo-
genic conditions until further use. For sampling material, we used soft tissues or antlers. The total
sample includes both males and females of various estimated ages (from several months old to
8-year-old) collected in 2010 to 2021. The full list of samples is presented in Supplement 1.

The map illustrations were created using QGIS 3.24.2 (by QGIS Development Team) and
OpenStreetView map files (based on OpenStreetMap contributors).

DNA extraction

The two types of available tissue material led us to utilizing two methods for DNA extraction:
for soft tissue samples we used the Jena Bioscience ‘Animal DNA Preparation” commercial kit, fol-
lowing the manufacturer’s protocol with slight alterations; and for antler samples, we used a method
based on the work by Hoffmann and Griebeler [2013].
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Fig. 2. The map of spatial distribution of genetic samples across the studied area. Black dots represent harvesting
locations for individual samples.

Puc. 2. Kapta npocTopoBOro po3mnonilly TeHeTHYHUX 3pa3KiB OJIEHs LUIIXETHOTO, BUKOPUCTAHUX Y IIBOMY JOCTIJ-
keHHi. YOpHi TOUKH MO3HAYaIOTh MicIst 300y 3pa3KiB.

DNA extraction with the Jena Bioscience ‘Animal DNA Preparation’ commercial kit is based in
lysing minced tissue samples (5-10 mgs) with proteinase K at 56°C, with subsequent alkaline pro-
tein precipitation, isopropanol nuclear acid extraction, ethanol washing, rehydration and purification
from co-purified RNA using RNAse A. We altered the protocol by increasing proteinase K (ArtBio-
Tech, Belarus) concentration to 0.5 mg/ml, and increasing the lysis duration to 12 hours.

To extract DNA from antler material, we drilled pieces of antlers into powder, soaked the antler
powder in EDTA, lysed the cells with proteinase K, NaCl, and SDS, and extracted the nucleic acids
by centrifuging the lysate with ammonium acetate and chloroform, with further ethanol washing and
rehydration. We based this method on the work by Hoffman and Griebeler [2013].

For individual extractions, we took 10 mg of powdered antlers, soaked it in 750 pl of 0.5M
EDTA solution for 1 hour at 56°C, lysed the soaked mass for 24 hours in 400 pl of lysis solution
(50mM Tris-HCI, 25 mM EDTA, 0.1M NacCl, 0.5 mg/ml proteinase K, 2% w/w SDS). We then pre-
cipitated DNA with 3.75M ammonium acetate at -20°C, extracted the nucleic acids pellet by centri-
fuging with 300 pl of pre-chilled chloroform, washed the pellet in 98% and 70% ethanol, and rehy-
drated the pellet in 200 pl of ddH-O.

Extractions with either method included negative and positive extraction controls, with further
verification via PCR amplification. The obtained DNA solutions were measured for concentration
and purity using a 330P Implen nanospectrophotometer and were stored at -20°C until further use.
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Table 1. A full list of Cervus elaphus microsatellites used in the analysis, the utilized multiplex reactions, STR size
ranges, total number of alleles per locus, literature sources for microsatellites, and primer sequences

Tabmus 1. [loBHUI meperik MikpocaTemiTHHX JIoKyciB st Cervus elaphus, BUKOPHUCTaHUX B aHaNi3i, Jiarma3oHH
PpO3MipiB aneniB, KiNbKICTh aJeiB Ha JIOKYC MOCTIJOBHOCTI OJNITOHYKJICOTUAIB s aMIutiikarii Ta oprasizamis mno
MYJIBTHILICKC-CyMillIaM

Multiplex Size
mix # and it's Locus range. b N all'. | Source Primers sequences
Ta g b 'p'
. F CCAGGGAAGATGAAGTGACC
o Hautl4  108-154 19 [Thieveneral 1997] b ocacCTroAcTCATGTIATTAA
F AGTCCAAGCCTGCTAAATAA
570 C T193 159-231 19 [Jones et al. 2002] R CTGCTGTTGTCATCATTACC
. F AGTGCTTTCAAGGTCCATGC
BMI1818  227-267 16  [Bishop et al. 1994] R AGCTGGGAATATAACCAAAGG
F CAAGACAGGTGTTTCCAATCT
MP II MM12 83-105 11 [Mommens et al. 2009] A TCGACTCTGGGGATGATGT
0 F TCTTCCTGACCTGTGTCTTG
59°C T156 130-202 16 [Jones ef al. 2002] R GATGAATACCCAGTCTTGTCTG
F ATTCCCTTCTCCAGTGTATG
MP III T268 143-267 11 [Jones et al 2002] R GATGATAACAGCTCAACAGATC
0 . F TCAGTACACTGGCCACCATG
57°C BM4208 209255 22 [Bishop et al. 1994] R CACTOCATGCTITTCCAAAC
. F GCTTTTTAATCAGCTTGCTG
P IV TGLAS57  82-128 10 [Bishop et al. 1994] R GOTTCCAAAACTTAACAATATGTAT
. F TTGGTCTCTATTCTCTGAATATTCC
499 C TGLA126  105-205 12 [Bishop et al. 1994] R CTAATTTAGAATGAGAGAGGCTTCT
. F GTCCTCACAGCAGCTCTATG
T530 243-361 14 [Jones et al. 2002] R GCATTCTTTAGAACTCCAACTG
F TACTCGTAGGGCAGGCTGCCTG
MP V ETH152 174-239 23 Steffen et al. 2009] R GAGACCTCAGGGTTGGTGATCAG

F GGGGTTGTGGGTAAGCGGAGTT
R GATCTAGCGCCAGACAGACGTGTCA

F TTGTGCTTTATGACACTATCCG

59°c¢C IOBT965  86-118 8 Kiihn et al. 2009]

[
[
[
[

MP VI INRA3S 107-122 - Vaiman et al. 1994] R ATCCTTTGAAGCCTCCACATIC
0 F GTTCCAATAGACACGCTCAT
55°C T26 312-392 15 [Jones ef al. 2002] R TGCCATAGTETTICOTACCTT
No mix F TCTCTTGCGTCTCCTGCATTGAC
659 C Cerl4 198-278 18  [DeWoody et al. 1995] R GAGACCTCAGGGTTGGTGATCAG
Microsatellite panel

For genotyping, we selected a novel panel of microsatellite (STR) markers [Valnisty 2019] out
of all known markers used in earlier research of wild red deer across Europe and North America. In
order to avoid the known limitations of pitfalls of microsatellite markers, such as excessive poly-
morphism bias and uninformative results [Moss et al. 2003, Abdul-Muneer 2014; Galinskaya et al.
2019; Reiner et al. 2019], we included markers characterised by various levels of polymorphism into
the panel. The selected markers were bundled into sets for multiplex reaction using Multiplex Man-
ager v1.2 software [Holleley & Geerts 2009] according to their annealing temperature, lack of unde-
sirable mutual primer interactions such as dimerization, and minimal size range overlap. To do so,
we obtained these characteristics from original published sources and research utilizing those mark-
ers, and refined it with additional empirical testing and necessary adjustments.

For ensuing automated fragment analysis, the forward-facing primers used for every locus were
marked with a By5 (646 nm absorption maximum, 662 nm emission maximum) at the 5’ end. The
panel and characteristics of included STRs are given in Table 1.

STR amplification and fragment size measurement

To amplify the chosen microsatellite loci, we bundled them into multiplex reaction mixes
[Henegariu et al. 1997] according to Table 1. Each multiplex reaction was carried out in a 30 pl vol-
ume. Reactions contained 10X ammonia sulphate PCR buffer (Primetech, Belarus) diluted to a 0.9X
final concentration, 0.2 mM of unmodified dNTPs, 2-2.5 mM of MgCl,, 1.5 mg/ml of BSA, bet-
ween 0.15 and 0.5 pM of each primer, 1 unit of Taq DNA polymerase (ArtBioTech, Belarus),
5-20 ng of sample DNA and PCR-grade water to adjust volume [Lorenz, 2012].



Reintroduction shapes the genetic structure of the red deer (Cervus elaphus) population in Belarus 37

Table 2. Protocol of PCR amplification for microsatellite multiplexes. Protocol stages follow from top to bottom. T—
stage target sample temperature; N—the number of cyclic repeats for a stage. Ta corresponds to MP annealing tem-
perature according to Table 1

T, °C Time, sec. N Tabmuus 2. IMporoxon ILIP-ammmigikamii mikpocare-
95 180 1X JITHUX JIOKyciB. ETanmm cmigyrots 3ropu moHmsy. T —
95 45 TeMmeparypa 3pa3Kka NpOTAroM ertarmy; N — 4HCIO

NUKITIYHAX MOBTOPIB eTamy. Bemmunna Ta BimmoBimae

Ta—(0,5 x Nj) 45 10X Tabmumi 1 3a ToKycamu.
72 90

95 45

Ta 45 30X

72 90

72 900 1X

MgCl, and primer concentrations varied between specific primers and reactions in order to
achieve balanced product concentrations. Amplification itself followed a touchdown-type PCR pro-
tocol [Korbie & Mattick, 2008], specified in Table 2. In order to ensure minimal contamination risk,
all PCR-related work was done using sterile DNA-free plastic consumables and reagents, in a lami-
nar flow cabinet, in a dedicated PCR-prep room, spatially separated from sample processing and
post-PCR workflows.

To control the PCR quality, we utilized positive and negative controls when setting up reac-
tions, as well as PCR product separation via 1% agarose gel electrophoresis, with subsequent visual-
ization through UV gel-documentation. We used a 20 c¢cm phoresis chamber with sodium borate
buffer, the 100+ bp DNA Ladder size reference marker (Evrogen, Russian Federation) and a Gel
Doc™ XR+ system (Bio-rad, US).

Verified amplicons were used to measure fragment sizes through automated linear polyacryla-
mide electrophoretic separation and laser detection using a Beckman Coulter GeXP genotyping sys-
tem. We used a cubic fragment migration model without dye mobility correction and DNA size
standard 400-reference marker for modelling fluorescence data. We then interpreted fluorescence
data manually, with two researchers working independently for mutual cross-validation.

Ten percent of randomly selected samples were re-analysed starting from DNA extraction to
fragment size data in order to confirm solid reproducibility of fragment sizes.

Genotype data analysis

We subjected the collected fragment size genotype data to binning with TANDEM v1.09 soft-
ware [Matschiner & Salzburger 2009]. Binned data was checked for genotyping errors using Micro-
Checker v2.2.3 software [van Oosterhout et al. 2004].

We conducted an analysis of molecular variance (AMOVA) in Arlequin v3.5 [Excoffier &
Lischer 2010] using 5000 Markov Chain Monte-Carlo (MCMC) iteration and four grouping models
for individuals: administrative regions (oblasts), putative populations, cardinal directions (North /
South / East / West), and groups shown by Bayesian analysis clustering. The resulting values of per-
centage variations among populations were used to test hypotheses concerning the corresponding
structuring model. We also used this set of models for an exact test of population differentiation,
conducted in Arlequin v3.5 as well.

Bayesian analysis of population structure and individual assignment was conducted in
STRUCTURE v2.4.3 [Pritchard et al. 2000; Falush ef al. 2003]. We ran simulations for prior cluster
values (K) from 1 to 10, with 10 simulations for every K value, each simulation utilizing 50 000
MCMC iterations after a 10 000 iterations burn-in period. Simulation followed the settings for ad-
mixture model with inferred Dirichlet parameter (prior value = 1.0) and variable o across subpopula-
tions, as well as correlated allele frequencies, without using harvesting locations as prior (no
LOCPRIOR). We chose the admixture model and no LOCPRIOR due to certain knowledge of mas-
sive reintroduction events in the recent past of the studied red deer population, as well as the species’
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rare but still substantial migratory mobility. After obtaining the simulation data, we determined the
most probable number of clusters using the Evanno method [Evanno et al. 2005] as implemented in
STRUCTURE Harvester v0.6.94 [Earl & vonHoldt 2012], using 10 simulations for every K value.

The obtained K value probabilities were analysed, and individual assignment probability was
drawn from simulation summary for the most probable K, using assignment probability value Q,
summed from the same 10 simulations for the given K using CLUMPACK [Kopelman et al. 2015].
Individuals with Q>0.6 according to the sum of simulations were assigned to the corresponding clus-
ter. Additionally, the same genotype dataset was later re-analysed using the same model settings
save for 10-times increase in MCMC iterations, and also used in another re-analysis following a no
admixture model and uncorrelated allele frequencies. The additional analyses have shown results for
K values and individual assignment effectively identical to the original analysis, and therefore will
not be discussed in more detail.

Then we used the STR genotype data supplemented with population assignment information for
individuals to determine the compliance of outlined subpopulations with the Hardy—Weinberg equi-
librium (HWE), as well as measure their genetic diversity values and differentiation. We measured
the expected (He) and observed (H,) heterozigosity, allelic richness (Ar) and Wright’s inbreeding
coefficient (Fis) for diversity values. For population differentiation, we measured Fy [Holsinger &
Weir 2009], Dy, Gst [Nei, 1978], G’ [Hedrick 2005], and Djost [Jost 2008]. Both diversity coeffi-
cients and differentiation index values were calculated in diversity ver. 1.9.90 [Keenan et al. 2013]
for R Statistical Software ver. 4.1.1 (by R Core Team).

For differentiation indices, we used estimated values with 1000 iteration bootstraps to obtain
confidence intervals. We jointly used multiple differentiation indices due to known limitations and
pitfalls specific to every singular metric [Ryman & Leimar 2009; Meirmans & Hedrick 2011], as
simultaneous evaluation of several indices in the context of other data can give us more accurate
conclusions. Evaluation of the indices was carried out using relative range classification based on
earlier research of the same species, establishing further classes: no differentiation (X< 0.1); weak
differentiation (0.1<X<0.5); and strongly pronounced differentiation (X>0.5). For Fy, we considered
any X>0.15 to indicate strong differentiation.

To determine the presence of population declines in the past by measuring genetic bottleneck
effects, we used BOTTLENECK v1.2.02 [Piry et al. 1999] with settings for a two-phase model
(TPM) with a 95% stepwise-mutation share in the TPM and 12% variance, and two-tailed Wilcoxon
test. To visualise the hypothesised genetic structure we conducted a factor correspondence analysis
(FCA) in Genetix v4.05.2 [Belkhir et al. 2004] using the same genotype and population assignment
dataset, with graphic representation of FCA analysis in PAST v4.03 [Hammer et al. 2001].

Results

Locus INRA 35 was excluded from the analysis due to excessive genotyping errors. An analysis
re-run with 10% of samples has shown full reproducibility of data with an error margin of 0.4 bp.

Genotyping quality test in Micro-Checker v2.2.3 did not indicate a high probability of genotyp-
ing errors or null alleles for any of the remaining 14 loci. Fragment size binning TANDEM v1.09
has shown a rounding error of < 0.5 b.p. for 10 out of 14 utilized STR loci. All the microsatellite loci
in the analysis displayed polymorphism within the analysis sample, with a range of 8 to 23 alleles
per locus.

AMOVA results have shown the highest variation percentage (11.4%) for grouping based on
Bayesian analysis outcomes, against administrative regions (4.62%), putative populations (7.24%),
and cardinal directions (9.85%). At the same time, AMOVA indicated the absence of significant
differentiation between subpopulations for every model of genetic structure. Exact test of population
differentiation presented the same outcome. The outcomes of Bayesian analysis of genetic clustering
in STRUCTURE (Fig. 3) have indicated the presence of two strongly pronounced genetic clusters
(K = 2) within the studied sample as the most probable model of genetic structure, according to the
Evanno method, with AK =33.186 (Fig. 4).



Reintroduction shapes the genetic structure of the red deer (Cervus elaphus) population in Belarus 39

Fig. 3. Individual assignment probability graph for the studied red deer sample according to a CLUMPACK summary
of 10 Bayesian simulations in STRUCTURE for K = 2. Each vertical column (n = 118) represents an individual spec-
imen. Colouration represents median probability of an individual’s assignment to Group A (blue) or B (orange).

Puc. 3. I'pacik #iMoBipHOCTEH iHIUBITyaTbHOI IPHHAIEKHOCTI OCOOMH OJICHS IIUIIXETHOTO JI0 TeHETHYHHUX KIIacTepiB
3a 00’ eqnannmu naanMu 10-tu BaecoBux cumyrmiii STRUCTURE npu K=2 y CLUMPACK. Koxen BepTukaib-
HUI CTOBMYMK MO3Ha4Yae okpemy ocobuHy (n = 118). KonbopoBa 3anuBka mo3Havae MeiaHHY BipOTiqHICTb IpHHA-
JIKHOCTI 0coOHHY 10 rpynu A (cuHiii) abo B (opamxkeBuii).

We also considered the K = 3 and K = 4 hypotheses, but they were rejected due to the lack of
sensible correlations with spatial or biological factors, as well as the Evanno method outcomes. We
presume that additional clusters represent differentiation within various genetic lines rather than
population structure.

Considering both Bayesian analysis of genetic structure and AMOVA results, we conclude that
the studied sample includes two main genetic clusters, corresponding to two subpopulations in the
Belarusian red deer population. We labelled these clusters as Group A (n = 89) and Group B (n=
30). The genotype data was organised accordingly for further analysis. Visualisation of the two ge-
netic clusters by plotted factorial correspondence analysis (Fig. 5) shows tighter genetic clustering
for Group A. Group B appears to show greater genetic distances between its members.

Estimates of genetic diversity in the outlined subpopulations indicate a deficit of heterozygocity
for most loci (Table 4). Both groups do not seem to be close to a Hardy—Weinberg equilibrium
(p<0.01) and show an increased level of inbreeding. Group A and Group B show a very similar level
of genetic diversity, despite the differences in sample sizes (89 and 30, respectively).

Estimates of genetic differentiation (Tables 5-6) suggest a weak, but sufficiently pronounced
(0.1 <X <0.5) differentiation between the two outlined groups according to most of the utilized
indices. Testing for population decline in the past using BOTTLENECK has shown a likely bottle-
neck event for Group A according to the two-wailed Wilcoxon test (p = 0.00085), but did not pro-
vide any solid confirmation for Group B (p = 0.19373).

% 35
30 1
25 ~
20 A
15 4 Fig. 4. A graph of AK value for
increasing values of K for a set of
10 10 Bayesian simulations of genetic
structure in the sampled red deer
5 4 population.
Puc. 4. T'padix 3MmiHM BeIUYHUHH
0 , AK 3anexHo Big nokasuuka K s

Habopy 3 10-tu BaecoBux cumyms-
il TeHeTHYHOI CTPYKTYpH HOCHi-
JDKEHOI TIOIyJAIil OJIEHS MIIAXeT-

vahies of K HOTO.
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Fig. 5. FCA plot for microsatellite genotypes of the Belarusian red deer sample. Data points represent individual
specimens. Point shape represents assignment to Group A (diamond) and Group B (dot). Point colour corresponds to
the geographical origin of the sample: green for Minsk, Grodno, and Mogilev oblasts (central regions), red for Brest
and Gomel oblasts (southern region), blue for Vitebsk oblast (northern region), purple for Belovezha Forest (south-
western region), turquoise for Berezinsky Bioshpere Reserve (north-central region), and teal for Braslaw Lakes Na-
tional Park.

Puc. 5. I'padik 3 pesympratamu GpakTOPHOTO aHANI3Y MIKpOCATETITHUX HaHUX IS TEHETHYHUX KiactepiB. Oxpemi
3pa3ku mo3HadeHi ¢irypamu. Gopma ¢irypu mo3Havdae npHHAICKHICTH ocoburn a0 ['pynmu A (pomo6) abo I'pymu b
(Touka). Kouip mo3Havyae moxokeHHs 3pa3ka: 3eeHnii — MiHcbKa, [ poHeHChbKa Ta MOTHIIbOBChKA 001acTi (IICHT-
panbHUI perioH); yepBoHuit — bpectchka Ta ['omenbcebka obnacti (miBaeHHHHN perioH); cuHii — BiteGcbka 00nacTs
(niBHiyHMIT perion); pioneroBuit — HII «binose3rka [Tyma (miBreHHO-3axiMHMI perioH); 6ipro30BHil — Bepe3nHchb-
Kuit 6iochepHHil 3aM0BiTHUK (MIBHIYHO-LIEHTPATILHUH perioH); cuHbo-3eneHnit — HIT «bpacnaBcbki o3epay.

Discussion

Genetic structure

The genetic clustering data we acquired shows that the red deer population structure has a weak
correlation with putative populations or management units in Belarus. The significant correlation we
discovered is the one with the geography of the recent reintroduction campaigns. When we tested the
harvest locations for individuals belonging to Group A against Belovezha Forest area or areas that
saw releases of red deer from Belovezha Forest stock after 1989, we saw a strong correlation
(p <0.0001 according to Fisher’s exact test). A similar test could not be conducted for Group B and
earlier releases due to the limited information on the exact locations of those releases.

We interpret these results as an indication of how reintroductions shaped the population struc-
ture of the red deer in Belarus stronger than any other factor. Animal releases did not augment the
existing population groups of red deer, but instead formed new population groups that reflect rein-
troduction patterns [Wilson et al. 2006]. Similar situations were already reported for several red deer
populations that have been recovered through reintroduction efforts [Niedziatkowska et al. 2021;
Nussey et al. 2006; Pérez-Gonzalez et al. 2010; Queiros et al. 2014].
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Table 4. Locus genetic diversity characteristics for Group A and Group B: A—the number of detected alleles; Ar—
the allelic richness coefficient; Ho—observed heterozygocity; He—expected heterozygocity; HWE—the p-value for a
y>-test of the group’s fitness for Hardy—Weinberg equilibrium; Fis—Wright’s inbreeding coefficient. P-values >0.05
are given in bold

Ta6murs 4. [TapamMeTpu TeHETUYHOTO PISHOMAHITTS Y BUIUICHUX MOMYJIIIHHUX Tpynax 3a JaHUMH MiKpOCATENIiTHO-
ro aHami3y I TeHeTHYHHX KJacTepiB, MPEACTAaBICHI 3a JIOKycaMH: A — YHCIO BCTAHOBJIEHHUX aleNiB Ha JIOKYC;
Ar — MOKa3HUK ajelbHOro OaraTcTBa; Ho — crocTepexeHa rerepo3uroTHicTh; He — ouikyBaHa reTepo3HIOTHICTS;
HWE — Benuuuna p 1yis ¥>-TecTy HA BiIOBIAHICTH rpymn piBHOBa3i 3a Xapui—Baiin6eprom; Fis — koediuient iu-
OpuuHry 3a PaiitoM. XKupanwm Bunineno Bemmauau p < 0,05

Locus Group A Group B

AlAr‘Ho‘HeIHWEIFis A‘Ar‘HolHelHWE‘Fis

Haut14 16 1152 074 087 0.00 0.14 19 1530 080 090 0.00 0.11
T193 18 1416  0.71 0.91 0.00 0.21 13 1177 087 089 0.1 0.03
BM1818 12 9.1 0.65 083 0.00 0.22 11 938 067 084 0.00 0.21
MM12 8 534 069 057 000 -0.21 7 623 057 068 074 0.17
T156 13 770 076 076  0.00 -0.01 12 1044 080 086 0.03 0.07
T268 10 822 070 083 010 0.15 7 690 055 081 0.05 032
BM4208 18 13.61 0.74 089 0.00 0.17 17 1475 083 092 0.04 0.10
IOBT965 5 426 065 059 001 -0.09 &8 7.03 070 0.63 0.00 -0.10
T26 14 1092 075 086 0.00 0.13 16 1352 077 090 0.01 0.15
Cerl4 14 1049 070 0.85 000 0.18 12 1049 0.70 085 0.04 0.18
TGLAS7 6 432 008 040 000 0.80 5 379 014 016 000 0.15
TGLA126 9 496 058 0.61 0.00  0.05 9 749 082 077 0.01 -0.07
T530 13 1163 075 087 0.00 0.13 12 1044  0.61 0.86 0.00 0.30
ETH152 19 895 022 060 000 0.64 &8 602 013 044 0.00 0.70
Global 175 898 0.62 074 0.00 0.16 156 954 064 075 0.00 0.15

Table 5. Averages of estimated indices for pairwise differentiation between Group A and Group B. The ‘BS average’
row contains averages of bootstrap (1000 iterations) values. -95% CI” and ‘+95% CI” rows contain upper and lower
95% confidence intervals for bootstraps

Measure Gat G’ Diost Fy Tabmuis 5. YcepeaHeHi MOKa3HUKU MOMAPHOT re-

HetnyHo! nudepennianii Mk rpymamu A i B:
Average 0.057 0.457 0.177 0.106 OJlepKaHi CepeiHi 3HA4YeHHs HIKHIX 1 BEpXHIX
BS average 0.070 0.482 0.227 0.118 Mex 95% noBipuMx iHTEpBAJIB i cepeHi BeIndu-
-95% CI 0.061 0.439 0.181 0.099 HU 3a pe3ynsTatamu Oyrepena (1000 ireparriit)
+95% CI 0.080 0.525 0.276 0.138

Table 6. Locus-specific values of estimated pairwise differentiation between Group A and Group B

Locus Dst Gt Gst’ Doost Fit Tabmuns 6. [Toka3HUKH MOMapHOT Te-
HeTHYHOI audepeHIianii M rpyma-

Haut14 0.03 0.03 0.49 0.47 0.05 MH A i B, BKasani 3a JOKyCaMH
T193 0.00 0.00 0.08 0.08 0.01 ’
BM1818 0.00 0.00 0.03 0.02 0.00

MM12 0.16 0.20 0.88 0.85 0.34

T156 0.06 0.07 0.68 0.65 0.13

T268 0.01 0.01 0.10 0.09 0.02

BM4208 0.02 0.02 0.53 0.51 0.04

IOBT965 0.00 0.00 0.00 0.00 0.00

T26 0.01 0.02 0.27 0.26 0.03

Cerl4 0.03 0.03 0.38 0.36 0.05

TGLAS7 0.35 0.55 0.99 0.97 0.67

TGLAI126 0.03 0.05 0.26 0.22 0.09

T530 0.01 0.01 0.18 0.17 0.02

ETHI152 0.00 0.01 0.02 0.02 0.01
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We propose considering that the contemporary population of red deer in Belarus as consisting
of at least two subpopulations, corresponding to the abovementioned Group A and Group B genetic
clusters, have spread, respectively, across the central-southern and northern parts of the country with
partial overlap (Fig. 6). Out of these two subpopulations, Group A can be described as a product of
the reintroduction efforts that took place in 2006—-2020.

The origin of the second subpopulation can be surmised from the population differentiation da-
ta: all differentiation indices save for G without the Hedrik correction indicate weak differentiation,
appropriate for populations exhibiting significant levels of admixture, or for populations that di-
verged recently. The G estimate is likely to be underestimating the actual differentiation due to the
sample including a sufficiently high level of diversity, regardless of the actual differentiation level
[Ryman & Leimar 2009]. Bayesian analysis and FCA have revealed limited admixture, which seems
to indicate recent divergence as a more likely explanation. Neither AMOVA nor exact test of differ-
entiation report any significant differentiation, which is expected in a highly structured population
with recent divergence and consequent low pairwise Fy values [Balloux & Lugon-Moulin 2002].

Fig. 6. Geographic distribution of genetic clusters in the Belarusian red deer population across the country. Red dots
represent harvesting locations for individuals assigned to Group A; blue dots represent individuals assigned to Group
B. Areas filled with respective colour and hatching (vertical for Group A, diagonal for Group B) represent approxi-
mate ranges of the respective clusters.

Puc. 6. Kapra reorpagigHoro mommpeHHs T'€HETHIHNX KJIAcTepiB y OLIOPYCHKil MOIyJAIil OJICHS ILIIXETHOTO.
UepBoHI TOYKH MO3HAYAIOTh MICIS 300py 3paskiB, BiJHECEHHX IO TPyIMH A; CHHI TOYKH — Micus 300py 3pas3KiB,
BiZTHECEHHX J0 TpynH B. 3amrTpuxoBani BiAMOBIAHIM KOJIHOPOM (BEpTHKAUIFHUMH IITPUXaMH JUIS TPyIH A Ta Jiaro-
HaJIBHUMU JUIs TpynH B) murommi mo3HavaoTs mpuOIn3Hy reorpadidHy JOKali3amiio KiacTepa.
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We interpret these results as indicators of recent divergence between Group A and Group B
subpopulations, with earlier resettlement from Belovezha Forest being the point of divergence. Es-
sentially, we argue that Group B is not a regional autochthonous population of any recentness, but
rather a similar product of an earlier reintroduction effort using the same Belovezha Forest stock,
which took place during the period of 1955-1989 [Kozlo 1972; Shostak et al. 1974] and included
release of about 2400 animals in various habitats across Belarus.

This conclusion complements the deviation from HWE for both populations, as the latter is ex-
plained by the consequences of founder effect caused by reintroduction. BOTTLENECK analysis
supports this hypothesis as well, as possible bottleneck event in the past of Group A reflects the pop-
ulation’s decline during the period of 1989—1998, while the groups forming the divergent Group B
reportedly maintained stable low numbers [Shakun 2011].

An alternative explanation for the revealed population structure would be the effect of cross-
border gene flow. This is highly improbable for Group A, as the range of that group is limited by
national borders reinforced with strong physical barriers for animal migration. Similar explanation
for Group B is made more complicated by the use of Voronezh and Altai stock animals for the
1958-1989 reintroduction efforts, in addition to the Belovezha Forest stock. However, neither the
published literature sources nor the known practice of north-eastern forestlands in Belarus do not
support the idea of a consistent, significant influx of animals from Russia. The hypothesis is also
challenged by the known population dynamics in the region, as well as the red deer’s known patterns
of cross-border migration, with the animals’ strong tendency to phylopatry creating the need for
reintroductions in the first place.

There are facts of animals from Lithuania and Austria being released in areas affiliated with
both Group A and Group B, although the number of those animals was small [Shakun et al. 2021];
the locations of their release are known, and the distinct genetic stock of those animals does not
show for those areas. The specified animals either failed to adapt to the new environment after re-
lease, were deeply assimilated into the larger population, or were completely missed in the sampling.
The latter is a possible explanation for one specific group in the far north of Belarus, with deer popu-
lation of Verkhnyadzvinsk administrative district having a number of Western European stock ani-
mals in its reintroduction stock, while being absent from our current sample, inviting further re-
search. An attempt to distinguish the admixture of dubious stock in the wider population is possible,
but would require a significantly wider and more detailed analysis [Frantz e al. 2017].

Genetic diversity

Estimates of genetic diversity for the Belarusian deer population do not indicate a dangerous
level of inbreeding in either of the outlined subpopulations: the diversity metrics are comparable
with many stable and successful populations of Europe [Feulner et al. 2004; Dellicour et al. 2011;
Niedziatkowska et al. 2012; Zachos et al. 2016]. We suggest that a degree of variety in the stock
material could play a positive role for the populations’ genetic diversity, as aside from Polish, west-
ern Russian, Lithuanian, and Austrian stock, reintroductions have utilized a limited number of Altai
wapiti (Cervus elaphus maral). Specific conclusions on the extent and effect of this hybridization
would require more in-depth research. In any case, reintroduction campaigns played a decisive role
in the formation of the observed level of genetic diversity [Krojerova-Prokesova et al. 2015].

However, it is hard to predict the long-term effects of significant genetic relatedness for animals
sharing one cluster across significant distances as anthropogenic pressure increases along with the
population numbers. The continuous stability and growth of the population would depend on ade-
quate management strategy, better structuring of animal removal during hunts, timely measures for
habitat preservation and quality veterinarian control [Andersone-Lilley et al. 2010; Apollonio et al.
2017; d’Aprile et al. 2020].

Population management

The described population structure is central to the issue of defining management units within
the Belarusian red deer population, as it illustrates that factual subpopulations extend far beyond the
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reach and jurisdiction of specific organisations conducting population management at the moment.
Continuous growth and stability of the population requires considering the factual population groups
in the management strategy. It could be argued that the observed population structure is likely to
rapidly fragment into smaller groups due to fragmented environment and the species’ philopatry,
however, the existing structure itself suggests otherwise—Group B has remained as a singular sub-
population for more than 30 years since the reintroduction campaign that created it. FCA shows a
degree of genetic radiation for this group, but significant isolation is likely to take multiple genera-
tions and decades of time.

Hybridization and fragmentation of two genetic clusters into several smaller subpopulations is
possible, but the process would take too long to build current population management policies
around its eventual outcomes.
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