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ABSTRACT. An analysis of subfossil Cladocera in a 193-cm sediment core from Lake Beloe (Altai region)
was conducted to trace the history of limnological conditions in the lake over the past 4600 years.
Currently, a total of 34 Cladocera taxa were identified in the taphocenosis. The greatest cladoceran spe-
cies richness was observed among littoral forms of Cladocera, reflecting the presence of shallow areas
overgrown with macrophytes. The highest concentration of cladoceran remains was observed in the
lower horizons of the core (150-191 ¢cm, 3600-4600 cal yr BP). In this zone, the highest values of Hill
indices are recorded, indicating high taxonomic diversity in the community. At a depth of 141 cm (3500
cal yr BP), significant changes in community structure occur, with Chydorus cf. sphaericus beginning to
dominate. Taxonomic diversity of Cladocera noticeably increases in the upper part of the core.
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1. Introduction

Cladocera (Crustacea: Branchiopoda) are benthic
and planktonic microcrustaceans playing a key role in
freshwater ecosystems worldwide (Nevalainen et al.,
2011). Lake sediments typically contain natural archives
of zooplankton remains, including Cladocera, offering
an excellent opportunity to study past communities
(Battarbee, 2000). The most common fossilized remains
in lake sediments are fragments of Cladocera exoskele-
tons (Frolova et al., 2018). Subfossil Cladocera remains
have become reliable ecological indicators for freshwa-
ter ecosystems and have been frequently used in paleo-
limnological reconstructions in recent decades (Frolova
et al., 2014; Nigmatullin et al., 2021). Combined with
the widely used palynological (Nigamatzyanova et al.,
2020) and diatom (Valieva et al., 2020) analyses, the
use of cladoceran remains in sediment cores allows for
the most comprehensive reconstruction of the paleo-
ecological conditions of a region. The aim of this study
is to examine the changes in the subfossil Cladocera
community in a sediment core from Lake Beloe (Altai
region) to identify the characteristics of the formation
and development of the lake and its paleoecological
conditions.
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2. Materials and Methods

During the summer research expedition in 2022,
paleoecological studies were conducted at Beloe Lake
(51°17.420’ E 082°39.100’ N) in the Altai Krai region.
There was abundant development of macrophytes
along the shores of the lake. Using a UVITEC gravity
corer (Austria), a 193 cm long sediment core, labeled
22-Bel-01 C, was collected from the maximum depth
of the lake. The analysis of subfossil Cladocera was
carried out according to standard methods (Korhola
and Rautio, 2001). Identification keys for Cladocera in
sediments and zooplankton were used (Szeroczyriska
and Sarmaja-Korjonen, 2007; Kotov et al., 2010;
Korovchinskii et al., 2021). Ecological zones in the sed-
iment core were distinguished using CONISS cluster
analysis in the Tilia 3.0.1 software. The richness and
diversity of cladoceran were calculated as the effective
taxon numbers NO (total taxa richness), N1 (common
taxa richness), and N2 (dominant taxa richness) pro-
posed by Hill (1973). Evenness (E) was calculated as
the N2/NO ratio (Hill, 1973).
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3. Results and Discussion

The cladoceran analysis of the samples revealed
34 taxa of subfossil Cladocera from 8 families, with the
highest diversity in the Chydoridae family (71%). In
the lower part of the core, the maximum concentra-
tion of remains is observed, with a peak at 160-161
cm (4100 cal yr BP) (7.6 thousand ind./g), indicating
favorable conditions for Cladocera during that period.
Most of the identified subfossil remains belong to lit-
toral-benthic forms of Cladocera. The dominant taxon
was identified as C. cf. sphaericus (35.1%). Littoral
taxa also reach significant numbers: Alona quadrangu-
laris, Alonella nana, Biapertura affinis, Acroperus harpae,
Bosmina (Eubosmina) longispina and Alona guttata /
Coronatella rectangula. Among the conditionally plank-
tonic group, the most numerous species was Bosmina
longirostris, which can be abundant in both pelagic and
littoral zones of the water body.

Four ecological zones are clearly distinguished in
the sediment core. In zone I (150-191 cm, 3600-4600
cal yr BP), high species richness was recorded, primar-
ily consisting of littoral organisms. The most abundant
taxa in terms of remains were B. longirostris (25.6%)
and A. harpae (19.3%). There is significant diversity
among the benthic-phytophilic taxa: A. nana, Sida crys-
tallina, A. guttata / C. rectangula, C. cf. sphaericus, A.
quadrangularis, Eurycercus sp., B. affinis, and A. excisa.
Presumably, the lake was highly productive and had a
higher trophic status than it does today. In this zone,
the highest values of Hill indices (NO=13.6; N1=8.8;
N2=6.7; E=0.49) are recorded, indicating high spe-
cies diversity during that period.

Zone II (90-141 cm, 2100-3600 cal yr BP) is
characterized by a slight decrease in the taxonomic
diversity of cladocerans (15 taxa identified). Significant
changes are observed in the structure of the Cladocera
community: the share of C. cf. sphaericus (54.0%) in the
subfossil remains sharply increases, while the share of
A. harpae critically decreases, and the share of B. lon-
girostris also declines. We can assume that these com-
munity changes are related to some transformations in
the littoral zone, which led to changes in the habitat
conditions for benthic-phytophilic forms.

In Zone III (50-81 cm, 1200-2100 cal yr BP),
while there is a slight decrease in the number of C.
cf. sphaericus (46.5%) which still remains a dominant
species in the assemblage, there is an increase in the
remains of such taxa as A. quadrangularis, B. affinis, B.
longirostris, and A. nana. The abundance of phytophilic
taxa indicate the presence of macrophyte thickets in
the littoral zone of the lake. An increase in the share of
the taxon B. longirostris often indicates an increase in
the trophic status of the water body.

The maximum taxonomic richness was recorded
in the upper part of the core in Zone IV (0-46 cm, mod-
ern-1200 cal yr BP) (24 Cladocera taxa). This increase
is primarily due to the rise in littoral-benthic forms of
Cladocera. C. cf. sphaericus still dominates the commu-
nity (35.3%). The increase in diversity of littoral taxa
indicates higher productivity of the water body, which
may be associated with anthropogenic impact.
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4. Conclusions

The study revealed 34 taxa of subfossil Cladocera,
with the greatest richness belonging to the Chydoridae
family. The highest density of Cladocera remains (7.6
thousand ind./g) was registered at a depth of 160-161
cm (4100 cal yr BP), indicating optimal conditions for
their development during this period. Littoral forms of
cladocerans made the largest contribution to the taxo-
nomic diversity. True planktonic taxa were represented
by occasional findings, indicating a shallow depth of
the water body throughout the studied period and a
high degree of macrophyte development.
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AHHOTALIUA. Bein BeINOJIHEH aHamu3 cyodoccuipHbx Cladocera B 193 ¢M KOJIOHKE JOHHBIX OTJIOXE-
Hui o3epa Bemoe (Anravickuii kpaii). B cocTaBe Kjia/IoI[epHBIX COOOIIECTB OBLIO MIeHTU(DUIMPOBAHO
34 TakcoHa BETBUCTOYCHIX pakooOpasHbix. OneHka anbda pa3zHoOOpa3us Mmokasasia, YTO HarubOJIbIIee
BHUIOBOE pa3HOOOpa3uve HaOII0gaJoch B TPyNIe JUTOPAJIbHBIX OPraHM3MOB, OTpaXas IpeiCTaBJIEHH-
POCTh MEJIKOBOAHBIX YYAaCTKOB 3apOCIINX MaKpoduTamu. MakcrMaIbHask KOHIIEHTPALMA OCTATKOB KJIa-
nonep HabJoaeTcs B HukKHelN yactu KosioHku J[O (150-191 cm, 3600-4600 kaJt. Ji.H.). B 3T0I Xe 30He
PErUCTPUPYIOTCA MaKCUMaJIbHbIe 3HAYEHU UHIEKCOB XMJLjIa, yKa3bIBasg Ha BEICOKOE TAKCOHOMUYECKOE
pasHooOpa3ue B coobmmecTBe. Ha riryouse 141 cm (3500 kaJt. JI.H.) MPOUCXOAAT 3HAYUTEJIbHBIE N3MeEHE-
HUS B CTPYKTYpe coo0IecTBa, rae HaunHaeT qoMuHuposaTh Chydorus cf. sphaericus. HeckoJsibko yBesu-
YMBaeTCs TaKCOHOMUYecKoe pasHooOpasue Cladocera B BepxHell YaCTHU KOJIOHKH.
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1. BBeAe““e A01E€p B AJOHHBIX OTJIOXKEHHAX IMO3BOJIAET HaM IIpOBe-

cTU HauboJiee TOJHYI0 PEKOHCTPYKILUIO aJe03KO0JI0-
TAYeCcKrX yCJIOBUHM pernoHa. llenblo maHHOU paboOThI
SIBJISIETCST U3yvYeHre U3MeHeHU B coolIrecTBe cybdoc-
cubHBIX Cladocera B KOJIOHKE JOHHBIX OTJIOXKEHUH U3
o3epa Besioe (AsTalickuil Kpai) IJiA BBISIBJIEHUS OCO-
O6eHHOCTel GOpMUPOBAHUA U Pa3BUTHA BOJjOeMa U €ro
MAJIE0IKOJIOTNYECKUX YCJIOBUI.

Cladocera (Crustacea: Branchiopoda) — »at10
rpynmna 6eHTOCHBIX U IJIAaHKTOHHBIX MUKpPOpakooGpas-
HBIX, UTPAIOIINX KJTI0YEBYIO POJIb B MPECHOBOAHBIX KO-
cucremax no Bcemy mupy (Nevalainen et al., 2011).
JIOHHBIE OTJIOKEHUSA 03ep OOBIYHO COJIepXKAT €CTECTBEH-
HBII apXUB OCTATKOB 300IJIAHKTOHHBIX OPraHN3MOB, B
TOM YMCJIe U KJIaZIoliep, YTO IIpeloCTaBJIsgeT IPeKpacHyIo
BO3MOXHOCTh [AJI M3y4YeHUA COOOIIecTB, OOMTaBIINX
Hekorza B 5ToM BojioeMe (Battarbee, 2000). Hau6oJiee
pacnpocTpaHeHHBIMU  (OCCUIM3UPOBAHHBIMU  OCTaT-
KaM{ B O3€pHBIX OTJIOXKEHUSX SBJIAIOTCA (parMeHThI
sk3ockeJsiera kiaagonep (Frolova et al., 2018). OcraTku
cy6doccrmpabix Cladocera crasmu HageXHBIMH 3KOJIO-
rAYeCKMMHN MHAUKATOpaMU JJIsI PECHOBOIHBIX 3KOCH-
CTE€M M 4aCTO IPUMEHSIOTCSA B TAJIE0JTUMHOJIOTTYECKUX
PEKOHCTPYKIUAX B mnocyequue necaruietus (Frolova
et al., 2014; Nigmatullin et al., 2021). B xomruiekce
C IIMPOKO PacCIpOCTPAHEHHBIM IMAJIMHOJIOTMYECKIM
(Nigamatzyanova et al., 2020) u nuatomoBeM (Valieva
et al., 2020) aHaM3aMH UCIIOJIb30BaHKE OCTATKOB KJIa-

2. MaTtepuan ¥ MeTOAbI

B xoze jieTHel Hay4YHO-UCC/IENOBATEIbCKON IKC-
neaunuu B 2022 roqy Ha TeppUTOpUN AJITaliCKOro Kpas
OBLIN MTPOBEEHBI TAJIE0IKOJIOTHYECKHE HCCIIEOBAHMSA
Ha osepe Bemoe (N 51°17.420° E 082°39.100°N). Ilpu
MIOMOIIM TpaBUTalIOHHOTrO npobootbopHuka UVITEC
(ABcTpus) GOblta oToGpaHa KojtoHka 22-Bel-01 C moH-
HBIX OTJIOXeHU AJnHoM 193 ¢cM ¢ MaKCcUMaJIbHOMH IJTy-
6unbl o3epa. AHanmu3 cyodoccuabhbix Cladocera GbLT
BHIMIOJTHEH MO cTaHmapTHoi Metoguke (Korhola and
Rautio, 2001). B pa6oTre 6bUIM HCIIOJIL30BAHBI OMPeEe-
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nutenbHble Kioun i Cladocera B JOHHBIX OTJIOXKE-
HUAX U B 300IUTaHKTOHe (Szeroczynska and Sarmaja-
Korjonen, 2007; Kotov et al., 2010; Korovchinskii et al.,
2021). Dxosiornyeckre 30Hbl B KOJIOHKE JOHHBIX OTJIO-
KEHUM OBUTA BBIJIEJIEHBI MPU TOMOIIN KJIACTEPHOTO
a"asn3a CONISS B nporpamme Tilia 3.0.1. BoraTcTBo U
pasHoobpa3ue Kiafouep ObUTH pacCUUTAHBI KaK MPOU3-
BOJIHBIE OT KoJiiuecTBa TakcoHOB NO (o6Imee 6oraTcTBo
TakcoHoB), N1 (6oraTcTBo OOBIYHBIX TAKCOHOB) M N2
(boraTcTBO MAOMHUHHPYIOI[UX TAKCOHOB), NpeasIOXKeH-
wele Xwutom (Hill, 1973). BeipaBHeHHOCTH (E) GbLia
paccumTaHa kak otHomeHue N2/NO (Hill, 1973).

3. Pe3yAabTatbl M 06Cy)XAEHMUA

B pesysbTaTe KJIaJoL[epHOTO aHan3a o0pa3loB
ObLT0 BBISABIIEHO 34 TakcoHa cyOdoccmibHbx Cladocera
u3 8 cemelicTB, rAae HauboJiblllee pa3HooOpasue Npu-
xonutcs Ha ceMerictBo Chydoridae (71%). B HuxHel
4yacTH KOJIOHKHM HaOJofaeTcs MaKcuMaslbHas KOHIIeH-
Tpalys OCTaTKOB, MUK 3HaueHUN mpuxoAuTcs Ha 160-
161 cM (4100 kan. a.H.) (7.6 ThIC. 3K3./T), UYTO MOXET
CBUJIETEIbCTBOBATh O OJIArONpUATHBIX YCJIOBUAX AJIA
pasButusa Cladocera B ykasaHHBIN nepuof. Bosbmias
4yacTh OOHapy>XeHHBIX CyOQOCCUIbHBIX OCTATKOB IIPH-
HaAJIeXXUT JIMTOPaJIbHO-OEHTOCHBIM (opMaM KJjaJo-
1ep. B xauecTBe JOMUHAHTHOI'O TaKCOHA OBbLII BBIAEJIEH
C. cf. sphaericus (35.1%). BTopocTeneHHBIMH TaKCO-
HaM{ OKa3aIuCh TaKue JUTOopaJibHble (OPMBI Kak
Alona quadrangularis, Alonella nana, Biapertura affinis,
Acroperus harpae, Bosmina (Eubosmina) longispina u
Alona guttata / Coronatella rectangula. W3 ycJiOBHO
IUIAaHKTOHHOM Ipynnel  HauOoJiblllee  KOJIMYECTBO
oOHapyXeHHBIX 5K3eMIUIAPOB IpUHAAJIeXUT Bosmina
longirostris, xoTopas MOXeT OOMJIBHO BCTpeYaThCs Kak
B [leJIaTM4eCcKol, Tak U B JIMTOPAJIbHOH 30He BoAoeMa.

B KOJIOHKe [OHHBIX OTJIOXKEHHIN 4eTKO BhIAeiA-
I0TCS YeThlpe 3KoJiorudeckue 30HbL B 3o0He I — (150-
191 cMm, 3600-4600 kas. j1.H.) 3adUKCUPOBAHO BEICOKOE
BUAOBOE OOraTcTBo, oOecriedeHHOe B OCHOBHOM JIUTO-
paJIbHBIMU opranusMamu. HaubGosiee OOUJIBHBIMH IIO
KOJIMYECTBY OCTaTKOB 6bUTH B. longirostris (25.6%) u A.
harpae (19.3%). Bosbiioe pasHoo6pa3ve HabIOAAETCA
B TpYIle BTOPOCTEMEHHBIX TAKCOHOB: A. nana, Sida
crystallina, A. guttata / C. rectangula, C. cf. sphaericus,
A. quadrangularis, Eurycercus sp., B. affinis u A. excisa.
[TpeAnoJIokUTeIbHO BOJOEM OBLJT BBICOKOIIPOJYKTUB-
HBIM U UMeJI 6oJiee BBICOKHUI Tpopruueckuii cTaTyc, yeM
cerofHA. B oTOll 30He perucTpupynTCs MaKCuMaJlb-
Hble 3HaueHUA uHAekcoB Xwaa (NO=13.6; N1=8.8;
N2=6.7; E=0.49), uTto yka3bslBaeT Ha BBICOKOE BH/[IO-
BOe pasHooOpasue B TOT Iepuo.

3ona II (90-141 cm, 2100-3600 kas. j1.H.) Xapak-
Tepu3yeTcA HEKOTOPHIM CHIKeHHEM TaKCOHOMUYe-
CKOrO pa3HooOpa3usa BeTBUCTOYCHIX pPaKooOpa3HBIX
(upmentudunuposano 15 TakcoHoB). HabsonatoTcs
MaciiTabHble H3MeHeHHsA B CTPYKType cooOliecTBa
Kj1afolep: pe3ko yBeauuusaercs Ao C. cf. sphaericus
(54.0%) B cybdoccusibHBIX OcCTaTKax, IpuU KpUTHYe-
CKOM CHIDXeHHuHU noiu A. harpae, cHuxaercsi nossa B.
longirostris.

B 3ome III (50-81 cm, 1200-2100 kaa. J.H.)
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Ha ¢oHe HekoTOporo cHuXeHus KoiudectBa C. cf.
sphaericus (46.5%), KOTOpBIII OCTaeTCA JOMUHAHTHBIM
BUJIOM B cO001IIeCTBe, IPOMCXOINIIO YBeJInYeHe KOJIU-
YecTBa OCTATKOB TAKMX TAKCOHOB, KaK A. quadrangularis,
B. dffinis, B. longirostris u A. nana. O6uirue GuToduIb-
HBIX TaKCOHOB CBHUJI€TEJIbCTBYeT O HAJWYMHM 3HAYU-
TeJIBHBEIX 3apocjiell MakpodUTOB B JINTOPAJIBHOH 30HE
o3epa. YBejmueHUe J0JIU TakcoHa B. longirostris 4acto
yKa3bBaeT Ha MOBHIIeHNe TPOGHOCTU BOOEMA.

MakcumasibHOe TaKCOHOMHYecKoe 60raTrcTBo
6bUTI0 3adUKCUPOBAHO B BepxXHell YyacTU KepHa B 30He
IV (0-46 cMm, (-100)-1200 kan. j.H.) (24 TakcoHa BeT-
BHUCTOYCHIX PakooOpas3HBIX). B mepBylo odepenp Ipo-
HCXOAUT yBeJINYeHUe JIMTOPaIbHO-O0EHTOCHBIX (GopM
Cladocera. B coobuiecTBe mo-IIpexXHEMY HOMUHUPYET
C. cf. sphaericus (35.3%). YBenunueHue pa3zHoOOpasus
JINTOPAJIPHEIX TAKCOHOB YKa3blBaeT Ha IOBHIIEHNE
IPOAYKTHUBHOCTU BOJIOEMA, YTO MOXeT OBITh CBS3aHO C
aHTPOIIOTeHHEIM BO3JeCTBHEM.

4. BoiBOADI

[TpoBeneHHOe HCC/IelOBaHUe BBIABWIO 34 Tak-
coHa cyOdoccuibHbix Cladocera, rme Haubosblee
pasHoobpa3ue mpuHazaiexano cemeiictBy Chydoridae.
Haub6ospmas miotHocTh ocratkos Cladocera (7.6 Thic.
9K3./T) Habiofaerca Ha riaybuHe 160-161 cm (4100
KaJl. JL.H.), YTO YKa3bIBaeT Ha ONTUMAJIbHbIE YCJIOBUA
JUA UX pasBUTHA B 3TOT Hepuof. HanGosbmuii BKIazg
B TAaKCOHOMUYecKoe pasHoobOpasue BHECIH JIMTOPaJIb-
Hble (POPMBI BETBHCTOYCHIX PaKooOpasHBIX. MCTHHHO
IJIAHKTOHHBIE TaKCOHBI ObUIM IIPeJiCTaBJIEHbl eqUHNY-
HBIMM HaXOAKaMH, YTO CBU/IETEJIbCTBYET O HeGOJIbIION
riyOuHe BofoeMa Ha MPOTsDKEeHUHM BCEero M3y4eHHOTO
[epPUO/Ia U BEICOKOH CTEIleH! Pa3BUTHUA MaKpoPUTOB.
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