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ABSTRACT. A detailed systematic analysis of the content of polychlorinated biphenyls (PCBs) in various
Baikal fish species was conducted for the first time. Accumulation levels of indicator and dioxin-like PCBs
were determined in the muscles of five species of Baikal sculpins of the family Cottidae: Abyssocottus
pallidus, Abyssocottus godlewskii, Abyssocottus platycephalus, Leocottus kesslerii and Cottocomephorus come-
phoroides, and of two species of the family Coregonidae: Coregonus baicalensis and Coregonus migratorius.
The features of pollutants accumulation by various fish species depending on habitat specificity and
feeding ecology are revealed. The total toxic equivalents of dioxin-like PCBs were calculated despite
their extremely low concentrations in the water of Lake Baikal.
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1. Introduction

One of the important problems for the global
community in the context of achieving the Sustainable
Development Goals is the entry of persistent organic
pollutants (POPs) into surface waters, particularly fresh-
water ecosystems that serve as drinking water sources.
Among POPs, polychlorinated biphenyls (PCBs) are
notable for their exceptional physical and chemical
properties, which led to their widespread industrial
use as dielectric fluids in transformers and capacitors,
and as components in paints, inks, pesticides, and other
products. Following the discovery high toxicity for a
number of compounds of this class, the production and
use of PCBs were banned by the Stockholm Convention
(Stockholm Convention..., 2001). Currently, sources
of PCBs include the dismantling and disposal of old
equipment containing these substances as construc-
tion materials, as well as various industrial processes
where PCBs are formed as by-products. Due to their
high stability and long-range transport, PCBs have been
detected in air, water, and soil, including remote Arctic
and Antarctic regions (Eckhardt et al., 2007; Gioia et
al., 2008; Khairy et al., 2021). As a result of bioaccumu-
lation and biomagnification, PCBs accumulate in biota
(Knezovich et al., 1987; Norstrom et al., 2009; Wang et

al., 2022), for example, in the endemic amphipod fauna
from two of the deepest ocean trenches: the Mariana
and the Kermadec (Jamieson et al., 2017). Global atmo-
spheric transport sustains the presence of these pollut-
ants in the surface waters of background regions. The
ability of PCBs to bioaccumulate dictates their impact
on biota at trace concentration levels and represents
a potential threat to the environment, including the
unique ecosystem of Lake Baikal.

For the aquatic ecosystem of Lake Baikal, the
dominant source of PCBs is considered to be global
atmospheric transport, although regional and local
sources of pollution are not excluded (Kucklik et al.,
1996; Gorshkov et al., 2017; Samsonov et al., 2017).
Direct determination of PCBs in the lake’s surface water
is possible with a limit of quantification (LOQ) of 0.02
ng/L (Kustova et al.,, 2021). Aquatic organisms that
accumulate lipophilic organic pollutants in their tis-
sues, reflecting the pollution level of their ecological
zone, serve as reliable indicators of trace PCBs in sur-
face waters.

The fish fauna of Lake Baikal includes about 60
species that have occupied all biotopes of this ancient
and ultra-deep lake. In this study two whitefish spe-
cies (Coregonidae) and five species of endemic scul-
pins (Cottidae) were analyzed, which differ in their
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habitat preferences and feeding ecology (Taliev, 1955;
Skryabin, 1979; Sideleva, 2003; Smirnov et al., 2009;
Bogdanov and Knizhin, 2022; Bogdanov, 2023).

The Baikal omul Coregonus migratorius (Georgi,
1775), a Baikal endemic, inhabits the pelagic zone
down to 300 m depth and spawns in rivers. Individuals
reach sexual maturity at a length of 250-300 mm and a
weight of 220-270 g. Traditionally three morphological
and ecological groups (races) are distinguished based
on intraspecific variability: pelagic, coastal, and ben-
thic-deepwater, which differ in a number of diagnostic
traits, spawning sites, feeding and growth patterns. The
diet of the Baikal omul consists mainly of meso- and
macrozooplankton (Macrohectopus branickii (Dybowski,
1874) and pelagic juveniles of sculpins. Also benthic
amphipods are noted in their diet.

The Baikal lake whitefish Coregonus baicalensis
(Dybowski, 1874), a Baikal endemic, inhabits the shal-
lows near deltaic areas and mouths of large tributar-
ies, as well as in the Maloye More Strait, on sandy and
silty-sandy substrates. The main spawning grounds are
located directly in the bays of the lake (Chivyrkuisky,
Mukhor, Proval). By the age of 5+, individuals reach
a length of 300-350 mm and a weight of 320-400 g,
and by 10+ years — 450-550 mm and 1300-1700 g,
respectively. Juveniles up to three years old feed pri-
marily on zooplankton. Older fish feed on amphipods,
mollusks, and chironomid larvae, depending on their
habitat (Matveev et al., 2012).

The Flathead sculpin Abyssocottus (Asprocottus)
platycephalus (Taliev, 1955) inhabits muddy bottoms at
depths from 50 to 800 m, reaches a length of 110 mm
and a weight of up to 12 g. Their diet composition has
not been studied.

The Godlewski’s sculpin Abyssocottus
(Limnocottus) godlewskii (Dybowski, 1874) and the
Pale sculpin Abyssocottus (Limnocottus) pallidus (Taliev,
1955) are species with similar lifestyles. Both species
inhabit sandy-silty substrates at depths from 50-100 m
to 1000 =100 m. A. godlewskii reaches a length of up to
165 mm and a weight of up to 45 g, A. pallidus — 150
mm and 15 g, respectively. They feed on small amphi-
pods and juveniles of sculpins.

The Smalleye longfin sculpin Cottocomephorus
comephoroides (Berg, 1900) inhabits the near-bottom
layer of the pelagic zone at depths from 50 to 500 m.
Males reach a length of up to 200 mm and a weight of
up to 100 g, females — up to 170 mm and 50 g. They are
similar in diet to omul, which consists of M. branickii,
other crustacean planktons, and pelagic juveniles of
sculpins.

The Sand sculpin Leocottus kesslerii (Dybowski,
1874) inhabits sandy and rocky-sandy bottoms from the
shoreline to depths of 150-170 m in Baikal. Maximum
length and weight vary from 100 to 150 mm and from
10 to 40 g depending on the population. They feed on
a wide range of small invertebrates depending on their
abundance in a particular biotope, less frequently — on
juveniles of sculpins.

Comparative analysis of PCBs accumulation in
tissues of taxonomically and ecologically diverse spe-
cies allows us to solve two tasks, which have funda-
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mental importance for understanding patterns of mod-
ern environmental processes:
1. Level and nature assessment of pollution in differ-
ent ecological zones of Baikal;

2. Determination of the relationship between the eco-
logical characteristics of species and the biocon-
centration and bioaccumulation processes of per-

sistent pollutants in the organism.

The aim of this work was to obtain current data
on PCBs content in the tissues of various Baikal fish
species and identify different patterns of contaminant
accumulation levels depending on their habitat areas
in order to assess the potential ecological risk from the
presence of these pollutants in Baikal water at the trace
level.

2. Materials and Methods

Fish sampling. Fish samples were collected
during expeditions aboard the research vessel “G.Yu.
Vereshchagin” in August and October 2024 (Fig. 1).
Capture was conducted using a bottom trawl (mesh
size in the codend: 10 mm). Two species of whitefish
(Coregonidae): C. baicalensis and C. migratorius, and
five species of Baikal scuplins (Cottidae): A. platyceph-
alus, A. pallidus, A. godlewskii, L. kesslerii and C. come-
phoroides were studied. After capture, the individuals
were packaged in aluminum foil and stored at —20°C
until analysis.

Sample preparation. First, individuals were
thawed at room temperature in the laboratory. Standard
length (SL), weight, sex and age were determined, and
morphological and ecological group for the Baikal
omul were identified using standard biological anal-
ysis (Pravdin, 1996), the results of which are shown
in Table 1. The fish samples were prepared according
to the technique (FR.1.31.2021.40284), which was
adapted for the purposes of this study: head, internal
organs, bones and skin were removed. For chemical
analysis all muscle tissues was used without dividing
into red and white muscles. Homogenization of mus-
cle tissue from small individuals was performed by a
blender after preliminary chopping with a laboratory
knife; two parallel samples weighing about 0.5 g were
taken from each individual.

An internal surrogate standard (a mixture
“Marker-7 PCB Mixture” containing isotopically labeled
PCB congeners Nos: 28, 52, 101, 118, 138, 153 and
180) was added to the weighed samples and homoge-
nized with anhydrous sodium sulfate. PCBs extraction
was performed by double ultrasonic extraction (35-40
kHz, 15 min) with a mixture of hexane-acetone solvents
(1:1) from the homogenized matrix. The combined
extract was concentrated by a rotary evaporator to a
volume of 1 mL, dried over anhydrous sodium sulfate,
and cleaned using concentrated sulfuric acid. The puri-
fied organic layer was washed with distilled water to
neutral pH, dried over anhydrous sodium sulfate, and
concentrated in an argon stream to 0.1 mL. Before a gas
chromatography-mass spectrometry analysis (GC-MS),
an internal recovery standard (4,4’-dibromobiphenyl)
was added to the prepared extract.
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Fig.1. Map of Baikal fish catches.

Gas chromatography-mass spectrometry
analysis. PCBs determination was carried out on a gas
chromatograph with a triple quadrupole mass spectro-
metric detector Agilent Technologies 7890B GC System
7000C GC/MS Triple Quad.

Chromatographic separation was achieved using
an OPTIMA®-17 MS capillary column (30 m X
0.25 mm X 0.25 pum). Temperature gradient: from
80°C (hold 1 min) to 310°C at a rate of 15°C/min, final

Table 1. Parameters of the studied Baikal fishes.

hold at 310°C - 10 min. Injector temperature — 280°C.
Injection volume — 2 L in splitless mode.

Mass spectrometric detection was performed in
multiple reactions monitoring (MRM) mode. Ion source
temperature — 230°C, quadrupole temperature — 150°C.
Two characteristic MRM transitions were monitored
for each analyte and internal standard. Identification
of PCB congeners was based on the coincidence of
retention times in the sample and calibration solution

Taxon | SL, mm | Body weight, g | Age*, years | Number, ind Sampling Area and Depth
Family Coregonidae
Coregonus 277-297 255-306 5 2 Selenga Shallow, 110-150 m
baicalensis
Coregonus 190-274 79-240 3-5 7 Selenga Shallow, 110-150 m
migratorius | 267-302 234-385 5-6 3 Northern Baikal, Angarsky Sor, 40-50 m
Family Cottidae
83-93 9.3-13 3-4 4 Transect of Buguldeyka settlement, 710-750 m
ATEEEES [ o 096 13-17 2-4 4 Maloye More Strait, 230-270 m
(Asprocottus)
platycephalus 80-90 11-13 3 4 Northern Baikal, transect of Frolikha Bay,
630-650 m
Abyssocottus 93-125 14-34 2-4 4 Transect of Buguldeyka settlement,
(Limnocottus) 510-535 m
godlewskii
Abyssocottus 87-100 7.5-13 2-3 Transect of Buguldeyka settlement, 710-750 m
(Limnqcottus) 96-115 15-20 2-3 4 Northern Baikal, transect of Ayaya Bay,
pallidus 630-650 m
107-114 14-18 2 3 Selenga Shallow, 40-50 m
Cottocomephorus | oq 1 og 10-33 1-2 4 Maloye More Strait, 135-165 m
comephoroides
113-120 12-24 1-2 2 Maloye More Strait, 230-270 m
Leocottus kesslerii| 96-115 7.1-11 2-3 4 Selenga Shallow, 40-50 m

Note: * — Age determined by otolith analysis.
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(£0.1 min), and the ratio of peak areas for the two
analytical MRM transitions (acceptable deviation — no
more than +20% from the value obtained for calibra-
tion solutions).

Quantification was performed using the internal
standard method based on a surrogate standard mix-
ture. Calibration dependences were constructed in the
concentration range from 0.005 to 25 ng/mL. PCBs
content in samples was calculated as the mean value
from two parallel samples, using the ratio of the ana-
lyte peak area to the corresponding surrogate standard
peak area.

Quality control included reagent-blank experi-
ments to assess laboratory background. Extraction com-
pleteness was controlled by the recovery percentage of
surrogate standards, which ranged from 78% to 92%.
The certified reference material BCR®-350 (mackerel
oil) was used to validate the accuracy of method.

Determination of indicator and dioxin-like
PCB congeners. Commercial PCB products were man-
ufactured as complex mixtures of variable composition
(containing up to 50-70 individual congeners — isomers
and homologs with different chlorination degrees) and
entered the environment in this form. For this reason,
accurate assessment of pollution levels in aquatic eco-
systems is often complicated by the use of different
POP determination methods; in particular for PCBs, the
problem is related to the identification and determina-
tion of a varying number of congeners. These issues can
be addressed by determining a limited number of com-
pounds — seven indicator congeners (Nos: 28, 52, 101,
118, 138, 153, and 180), which are typically major
components in the homologues groups of isomers
found in technical PCB mixtures (PCB 28 for trichlo-
rinated biphenyls; PCB 52 - tetrachlorinated; PCB 101
and 118 - pentachlorinated; PCB 138 and 153 — hexa-
chlorinated; PCB 180 - heptachlorinated), that explains
their detection in almost any environmental objects.
Coplanar, dioxin-like PCB congeners (Nos: 77, 81, 105,
114, 118, 123, 126, 156, 157, 167, 169, 189) possess

the highest toxicity among PCBs and exhibit additive
effects when present together (Walker et al., 2004).
Based on the composition of technical PCB mixtures
(Kirichenko et al., 2000) and the values of International
Toxic Equivalency Factors (I-TEF), a series of priority
dioxin-like PCBs was selected: 105 (I-TEF: 0.0001), 114
(0.0005), 118 (0.0001), 123 (0.0001), 126 (0.1), 156
(0.0005).

Limits of detection (LOD) and quantification
(LOQ) were estimated according to IUPAC recommen-
dations (Currie, 1995) as multiplication of the standard
deviation of the laboratory background and a coeffi-
cient: kq = 3 for LOD and kq = 10 for LOQ. The LOQ
for the selected PCB congeners was 0.010 ng/g wet
weight. The total determination accuracy was = 35%.

The bioaccumulation factor (BAF) was calculated
as the ratio of the average mass concentration of indi-
cator or dioxin-like PCB congeners in Baikal fish tissues
(ng/kg) to that average concentration in Baikal water
(ng/L).

The total toxic equivalent (WHO-TEQ) (Kutz et al.,
1990) for n detected dioxin-like PCB congeners was cal-
culated using the formula:

TEQycy, = Y. (C,-1-TEF),
where: TEQ

o5, 18 the total toxic equivalent; C, is the mass
concentration of the i-th PCB congener in the sample
(ng/g); I-TEF, is the International Toxic Equivalency
Factor for the i-th PCB congener.

3. Results and Discussion

All seven indicator congeners and four to five of
the six selected dioxin-like PCB congeners were identi-
fied in Baikal fish tissues (the most toxic PCB 126 was
not detected in any sample). The average total content
of indicator congeners (XPCB,) and dioxin-like conge-
ners (ZPCB ) in the muscles of the studied fish are pre-
sented in Table 2.

Table 2. Average total mass concentrations of indicator PCB congeners (2PCB,) and dioxin-like PCB congeners (2PCB_) in

Baikal fish muscles, PCBs bioaccumulation factors.

Sampling Area Spicies Average PCB content in fish, Bioaccumulation
ng/g wet weight Factor (BAF)
SPCB, SPCB,, SPCB,
A. pallidus 11.45 4.06 3.810*
Buguldeyka A. godlewskii 4.34 1.48 1.410*
A. platycephalus 6.71 2.57 2.2:10*
L. kesslerii 1.37 0.37 4.6:10°
C. comephoroides 0.83 0.36 2.8-10°%
Selenga Shallow
C. migratorius 0.86 0.35 2.9-10°
C. baicalensis 0.36 0.14 1.2:10°
C. comephoroides 0.87 0.30 2.910°
Maloye More Strait
A. platycephalus 1.86 0.51 6.2-10°
A. pallidus 17.85 5.55 6.0-10*
Northern Baikal A. platycephalus 6.49 1.90 2.2-10*
C. migratorius 0.74 0.24 2.510°
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The composition and ratio of PCB congeners in
fish muscles differ significantly from their composition
and ratio in Baikal water samples, which is explained
by differences in accumulation mechanisms and trans-
formation rates of congeners with different chlorination
degrees. According to the results of long-term POPs mon-
itoring in the Baikal aquatic ecosystem (Gorshkov et al.,
2022) during 2014-2021, a decrease in PCB concentra-
tions in the pelagic water was observed, with reductions
in some locations to the limits of quantification (ZPCB,
< 0.11 ng/L). The average value and statistically sig-
nificant range of detected XPCB, concentrations in the
pelagic water of Lake Baikal were estimated at 0.30 and
0.26-0.34 ng/L, respectively. Accumulation of indicator
congeners in fish tissues was characterized by a bioac-
cumulation factor (BAF) range from 1.2:10° to 6.0-10*
(Table 2), with the highest values (10%) obtained for
demersal fish species of the family Cottidae: A. pallidus,
A. godlewskii, A. platycephalus. When comparing detected
concentrations in different fish species, the ZPCB, con-
tent is higher in demersal deep-water (abyssal) species.
Differences are observed in the contribution of individ-
ual indicator PCB congeners with different chlorination
degrees — in deep-water demersal species A. pallidus, A.
godlewskii and A. platycephalus hexachlorinated PCBs
153 and 138 contribute the most to ZPCB, (over 60%),
while in pelagic species C. comephoroides, C. migratorius,
C. baicalensis and demersal shallow-water species L. kes-
slerii their contribution does not exceed 40% and is com-
parable to the contribution of pentachlorinated PCBs
101 and 118 (Fig. 2). In the pelagic water of the lake,
the content of PCB congeners 153 and 138 constitutes
less than 20% of the total ZPCB, content (Fig. 3).

The obtained data are consistent with studies on
deep-sea organisms, which are characterized by higher
POPs accumulation compared to the species, inhabit-
ing surface waters (Knezovich et al., 1987; Froescheis
et al., 2000). Differences in congener profiles may
be explained by habitat and dietary specificities of
deep-water benthic fish species and possibly indicate
preferential accumulation of highly chlorinated PCBs,
particularly indicator congeners 153 and 138, in bottom
sediments, from where they can enter the food chain of
aquatic organisms. PCBs can enter bottom sediments
with solid particles and biomass remains, which in turn
accumulated pollutants during their lifetime, with less
chlorinated PCBs potentially having time to biodegrade
and transform during their life cycle. The obtained data
and proposed assumptions may form the basis for long-
term monitoring of PCBs in the deep-water zone of Lake
Baikal to identify possible pathways of their input and
concentration therein, and their relationship with pro-
cesses occurring in global atmospheric transport — the
dominant source of PCB input into the lake aquatic
ecosystem.

PCBs accumulation in pelagic fish species may
reflect the pollution level of the water column and pro-
vide both an integral characteristic for the entire water
body and its separate areas, depending on the type and
distance of fish migrations. Thus, the detected PCB con-
centrations in tissues of C. migratorius and C. comepho-
roides, species from different families but characterized
by active horizontal and vertical migration, are compa-

Contribution to Y} PCB,
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Fig.2. Profiles of indicator PCB congeners in the muscle
tissue of Baikal fishes: demersal deep-water species A. pallidus,
A. godlewskii, A. platycephalus; demersal shallow-water L. kes-
slerii; pelagic C. comephoroides, C. migratorius, C. baicalensis.
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Fig.3. Profiles of indicator PCB congeners in the pelagic
water of Lake Baikal (average values of monitoring results in
2015 and 2020) (Gorshkov et al., 2022).

rable (Table 2). Furthermore, according to a report by
Typhoon (Report..., 2015), the considered families are
roughly comparable in fat content: average values and
ranges of lipid content (%) for C. migratorius are 2.35
and 1.34 - 3.79, and for the group of sculpin individuals
(Cottidae) — 1.88 and 0.41 - 6.25.

Determining the presence of dioxin-like congeners
and calculating total toxic equivalents of detected PCB
concentrations is an important procedure for ecological
risk assessment, including in the context of fisheries and
food safety. Due to high accumulation factors, PCB con-
geners whose concentrations in water (characterized by
trace level pollution) are less than the detection limit
are determined in fish tissues. This applies particularly
to dioxin-like congeners (except for PCB 118). The cal-
culation of total WHO-TEQ for average ZPCB, detected
in the studied Baikal fish species is presented in Table 3.
C. migratorius and C. baicalensis are representatives of
commercial fish species. The average value and range
of total XPCB, concentrations in the muscle tissue of
C. migratorius were estimated at 0.32 and 0.18 - 0.83
ng/g wet weight, respectively. The total WHO-TEQ was
estimated to range from 0.021 to 0.104 pg/g wet weight,
which is two orders of magnitude lower than concen-
trations detected in brown trout Salmo trutta (Limnaeus,
1758) from Alpine lakes of Western Europe and the
Baltic Sea (Table 3).
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Table 3. Results of calculation of total toxic equivalents WHO-TEQ of PCBs detected in Baikal fish species in comparison with
the WHO-TEQ ranges of PCBs detected in brown trout S. trutta of other aquatic ecosystems.

Object / Species Dioxin-like PCB congeners, No., I-TEF* WHO-TEQ, pg/g
123 118 114 105 126 156 MR AEEG
0.0001* 0.0001* 0.0005* 0.0001* 0.1* 0.0005*

Water < LOQ 0.06 < LOQ < LOQ < LOQ < LOQ 0.006

C. comephoroides 0.03 0.14 0.01 0.11 < LOQ 0.02 0.045

C. migratorius 0.03 0.15 0.00 0.12 < LOQ 0.02 0.041

C. baicalensis 0.02 0.07 0.00 0.05 < LOQ 0.01 0.018

L. kesslerii 0.03 0.18 0.01 0.13 < LOQ 0.02 0.048

A. pallidus 0.34 2.24 0.14 1.61 < LOQ 0.47 0.72

A. godlewskii 0.11 0.70 0.04 0.50 < LOQ 0.14 0.22

A. platycephalus 0.12 0.78 0.04 0.54 < LOQ 0.17 0.25

S. trutta (Alpine lakes, Western Europe) 6.3 -13 **

S. trutta (Baltic Sea) 4.2 -9.0 **

Note: < LOQ - Below the limit of quantification.

*

- I-TEF - International Toxic Equivalency Factor.

** _ Values for S. trutta are presented as ranges (Gorshkov et al., 2022). Concentrations of individual congeners
for these data sets are not provided in the source.

4. Conclusion

A detailed systematic analysis of PCBs content
in various Baikal fish species was conducted, which
identify the features of PCBs accumulation in demersal
and pelagic fish species and established the following
statements:

1. Determination in demersal species provides infor-
mation about PCBs accumulation in the deep-wa-
ter zone, helps to identify different mechanisms
of their entry and concentration, followed by an
assessment of potential ecological risks;

2. PCBs determination in the pelagic fish species
reflects the pollution level of the water column
and provides both an integral characteristic for the
entire water body and its separate areas depending
on the type and distance of fish migrations, and
can be used for assessment in the context of food
safety of commercial fish.
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JIumHostoeuneckuti uHcmumym Cubupckozo omdesteHua Poccuiickoti akademuu Hayx yi1. YnaHn-Bamopckas, 3, Hpkymck, 664033

Poccua

AHHOTALIUA. Bnepsble npoBefieH NOAPOOHBIN CHCTEMaTUYECKUH aHaIU3 COAepXaHUsA MOJIUXJIOpU-
poBaHHbIX OudeHmioB ([1XB) B pazinyHbIX Buaax 6alikajibckux pei0. OpefesieHb YPOBHU HaKoOILIe-
HUA UHAWKATOPHBIX U AUOKcHHONOA00HbIX [1XD B MeImiax nATU BUAOB 6aliKajIbCKUX KOTTOUAHBIX PBIO
cemerictBa Cottidae: Limnocottus pallidus, Limnocottus godlewskii, Asprocottus platycephalus, Leocottus
kesslerii u Cottocomephorus comephoroides, n 1Byx BumoB ceMeiictBa Coregonidae: Coregonus baicalensis
u Coregonus migratorius. BriABjeHBl 0COOEHHOCTH aKKyMYyJIAIMN 3arpsA3HUTeJIel pa3IMyHbBIMY BUAaMU
PBIO B 3aBUCHMOCTH OT HUX [IPUYPOYEHHOCTH K O1OTOIIaM U MUIIEBOH clienrann3anuy. Paccuuransl cyM-
MapHble TOKCHYecKre 5KBUBaJIEHTHl QUOKCHMHONOA0OHBIX [1XD, KOHIIEHTpaluy KOTOPHIX B BOJe 03epa

Baiikas kpaliHe HU3KU.

Kitiouegvie cyroga: moMxaopupoBaHHbe OMbeHITbl, GM0aKKyMYJIALNA, AeMepcasibHble U MeJlarnyeckue BUIbI

pHIO, 03epo Barikain
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1. BBeapenue

OpHOMl M3 BaXHBIX NpoOJieM MUPOBOTO COO00-
mecTBa B KOHTEKCTe AOCTUXEHUA ILieJiell YCTONYMBOTO
pa3BUTUA ABJIAETCA MOCTYIJIEHHE CTOUKUX OpraHude-
ckux 3arpssHutesiein (CO3) B MOBEPXHOCTHBIE BOJIHI,
B YaCTHOCTU, B IIPECHOBOJHBIE 3KOCHCTEMEI, ABJIA-
oliyecs UCTOYHUKAMU TuUTheBoll BoAbl. Cpeau CO3
nosimxyiopupoBaHHeie 6udenmw sl (I1XB) oTamyaTcs
CBOVIMH MCKJTIOUUTEJIbHBIMU (QU3NYECKUMU U XUMHUUe-
CKMMU CBOHICTBaMM, OJjiarofapsA KOTOPBIM MOJTyYMJIN
MIMPOKOEe MpHMeHeHNe B IPOMBIIIJIEHHOCTU B KaueCTBe
AU3JIEKTPUYECKUX XHUAKOCTe B TpaHcpopMaropax U
KOHJleHCaTopaxX, BXOAWJIM B COCTaB KpPacCOK, YEepHUJ,
necturgoB u mpouee. Ilocjie BHIABJIEHHUA BBICOKOM
TOKCUYHOCTU Y psAfa COeqUHEHHUI 3TOro Kjacca, Ipo-
U3BOACTBO U Hcmojib3oBaHue [IXB ObLIO 3ampelieHO
CToKrospMckon KoHBeHIMeH (CTOKroJbMcCKas KOH-
Benus, 2001). Ha coBpeMeHHOM 3Tanie K ICTOYHUKAM
I[IXE oTHeceHBH AeMOHTaX U yTWIU3aIdsA 000OPYyHO-
BaHUA, CoJepXallero 3TU BelljecTBa B KayeCTBe KOH-
CTPYKTUBHBIX MaTepUajioB, a TakXe pa3jInYHble BUIBI
MPOMBINLJIEHHON [eATeJbHOCTU, B Ipoljecce KOTOPHIX

[IXB MoryT o0pa30BBIBaThCS B KavyeCTBe MOOOYHBIX
IIPOAYKTOB. BciencTBre BBICOKON CTaOWJIBHOCTU U
IepeHoca Ha 3HaYMTeJIbHbIE PACCTOSHUA OT WCTOYHMU-
k0B IIXB o6GHapyXeHHl B BO3QyXe, BOoJe, IOYBE, BKJIIO-
yasd oTAajieHHble palioHbl APKTUKU WU AHTapKTHUKU
(Eckhardt et al., 2007; Gioia et al., 2008; Khairy et al.,
2021). B pesysibprare OMOAKKyMyJIALIUM U GHMOMarHu-
¢ukannu ITXD HakanauBawoTCA B OMOJIOTMYECKUAX O0OB-
ektax (Knezovich et al., 1987; Norstrom et al., 2009;
Wang et al., 2022), HanpuMep, B S3HAEMUYHBIX aMpPu-
oJ1ax, OOMTAIIINX B IBYX CAMBIX INTyOOKHNX OKEAHCKUX
BrnaauHax: MapuaHckoi u Kepmanek (Jamieson et al.,
2017). I'nobasnpHbI aTMocdepHBIil lepeHoC MOoAAep-
XKUBaeT IPUCYTCTBHUE 3arps3HuUTeJIell 3TOro kKjacca B
[IOBEPXHOCTHHIX BoAax B ()OHOBHIX palioHaX, CIOCO0-
HocTb I[TXB k 610akKyMyJIALMY olipefieiseT UX BO3/dek-
CTBHE Ha OMOTY NpU CJIEAOBOM YPOBHE KOHIIEHTpanuu
U TpefCcTaBiisAeT MOTeHIUaIbHYI0 YIpo3y AJiA XUBOH
[IpUPOALL, B TOM uucJie JJIsl YHUKAJIbHON 5KOCHCTEeMBI
o3epa batika.

B BopHOIl skocucteMe o3epa balikan k gomu-
HupylolleMy ucTouHUKY IIXB oTHeceH rji00abHBIN
atMmocdepHBIil IepeHoC, He MCKIII0Yaloi perioHalb-
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Hble U JIOKaJIbHBle MCTOYHUKU 3arpssHenus (Kucklik
et al., 1996; l'opmkoB u ap., 2017; CamMcoHOB U [ip.,
2017). IIpsamoe omnpefenieHre [IXb B MoOBepXHOCTHBIX
BOJIaX 03epa BO3MOXHO C Ipe/ieIoM Olpe/iesieHNs paB-
HeiM 0.02 ur/n (KycroBa u ap., 2021). HanmexHbMu
nHaukaropamu cyefoB [IXBb B MOBEpXHOCTHBIX BOoAax
BBICTYyNAIOT TUAPOOHOHTH, HAKaIJIUBAIOIIE B CBOUX
TKaHAX JUNOoMUIIbHBIE OpraHuyeckue 3arps3HUTEIH,
OTpaxkas ypoBeHb 3arpsi3HeHUs CBOel 5KOJIOTMYecKOn
30HHI.

dayHa prIb 03epa batikas, o pa3sHbIM OI[eHKaM,
BKJIIOYaeT 0KoJio 60 BUAOB pBIO, OCBOMBIINX BCe OHO-
TOIIBI 3TOTO JpPeBHEro U yJIbTParjiyooKoOBOJHOI'O 03epa.
B pmanHOI paboTe mpoaHaIM3UPOBAHO [Ba BUAA CUTO-
BbIX (cemericTBo Coregonidae) v mATh BUJOB SHAEMUY-
HBIX KOTTOUAHBIX poIO (cemericTBo Cottidae), pazinya-
olIMecs o NPUYPOYEHHOCTH K 6HoTonaM U MUIIEeBOI
cennanuzanuu  (Tanues, 1955; CkpsabuH, 1979;
Sideleva, 2003; CmupHOB 1 ap., 2009; Bogdanov and
Knizhin, 2022; bormanos, 2023).

bBatikansckuii omysib  Coregonus migratorius
(Georgi, 1775) — sHuemuk balikana, HacejseT mesa-
ruaib o3epa fo riayounsl 300-350 M, pa3aMHOXaeTcs B
pekax. [Toy10BOI 3pesiocTu 0cO6H JOCTUTAIOT IIPU IJINHE
250-300 mm u macce 220-270 r. Ilo BHYTpUBUIOOBOMN
U3MEHYUBOCTU ¥ OMYJISI TPAOULIMOHHO BHIAEJIAIOT TPU
MopG0-3K0JIOrUecKUe TPYIsL (packl): nejaruieckyio,
NpUOPEXHYI0 U MPUAOHHO-TJIYOOKOBOJHYIO, pa3Inyaro-
mMecs mo psAAy OUarHOCTUYeCcKUX NMPU3HAKOB, MecTaM
pa3MHOXeHHUsI, 0COOEHHOCTsAM HaryJjia, 0COOeHHOCTSAM
pocra u nmutaHuA. OCHOBY MUTaHUs COCTABJIAIOT Me30-
Y MaKpO30OIJIAHKTOH (Makporekrtomyc Macrohectopus
branickii (Dybowski, 1874), menaruveckas MOJIOJb KOT-
TOUAHBIX pHIO. B pannoHe oTMeueHbl JOHHBIE NIpe/iCcTa-
BUTENIU aM(pUIIOL.

Batikanmeckuii  cur  Coregonus  baicalensis
(Dybowski, 1874) - snmemuk Baiikaysa. B Baiikase
obuTaeT B 30HE MeJIKOBOJUI Ha MPUIEJIbTOBBIX yYacT-
Kax M BOJIU3U YCTheB KPYIHBIX MPUTOKOB, a TaKXke B
nposiuBe Majioe Mope, Ha MecuaHbBIX M WJIHNCTO-Ilecya-
HBIX rpyHTaX. OCHOBHblE HEpeCTUJIMINA PACIIOJIOXEHbI
HENOCpPeACTBEHHO B 3asjiuBax o3epa (UUBBIPKYHCKUUT,
Myxop, IIpoBamn). K Bo3pacTty 5+ pbeIOB JOCTHUTAIOT
nauael 300-350 mm 1 Beca 320-400 r, k 10+ - 450-
550 mM 1 1300-1700 r cooTBeTcTBeHHO. MoOJioab cura
[0 TpexJIeTHero Bo3pacra NuTaeTcs MpenuMyIlecTBeHHO
300ILTAHKTOHOM. PBHIOBI cTapiiiero Bo3pacra B 3aBHCU-
MOCTH OT MeCT OOUTaHus NHUTAITCA amdunogamu,
MOJUTIOCKaMM, JUYMHKamMu xupoHomup (MaTBeeB u
ap., 2012).

[lnockorosoBasg MMpoOKojoOKka  Abyssocottus
(Asprocottus) platycephalus (Taliev, 1955) obuTtaetr Ha
WJIMCTOM [He, Ha ri1younHax ot 50 no 800 M, mocturaer
mavHbl 110 MM 1 Macchl o 12 r. CocTaB IHIIEBOTO
paliioHa He u3yyaJics.

[Iupokosiobka T'ogrieBckoro Abyssocottus
(Limnocottus) godlewskii (Dybowski, 1874) u y3kas
mupokosobka  Abyssocottus  (Limnocottus)  pallidus
(Taliev, 1955) cxomHble Mo oOpa3y Xku3HU BUABL. O6a
BH/la OOUTAIOT Ha [TeCYaHO-UJIMCTOM I'PYHTe Ha IJIyOrHe
ot 50-100 m ;o 1000 =100 M. A. godlewskii mocTuraet
JavHbL 7o 165 MM 1 Macchl 7o 45 T, A. pallidus - 150 mm
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u 15 r. IluratoTca MesakuMu amdunogamMu U MoJIObI0
KOTTOUJHBIX PHIO.

Masiorsaszas  [JIMHHOKpbUIaA  HIMPOKOJIOOKA
Cottocomephorus comephoroides (Berg, 1900) oburtaet
B IIPUJOHHOM CJIOe Iejlaruajy Ha riyouHax ot 50 mo
500 M. Camiipl JocturamT JIUHE 10 200 MM 1 MacChl
Jo 100 r, camku — 1o 170 mm u 50 r. Iumy, xkak u y
OMYyJIifl, COCTaBJIAIOT MaKpPOTeKTOILyC, PauYKOBbIH IIJIaH-
KTOH M IleJjlarnyeckas MOJIOAb KOTTOMUJHBIX PBIO.

IMecuanasa mmpokosooka Leocottus kesslerii
(Dybowski, 1874) B Baiikajsie obuTaeT Ha MECYaHOM U
KaMeHMCTO-IIeCYaHOM JHe OT ype3a A0 IJIyouHbl 150-
170 M. MakcruMaJsibHbIe JJIMHA U Macca B pa3HbIX NOIy-
nAnuAx BapbupyioT ot 100 go 150 mm u ot 10 go 40 r.
[IuTaercsa MHUPOKUM CIEKTPOM MeJIKUX OeCl03BOHOY-
HBIX, B 3aBUCHMOCTU OT UX OOMJINA B KOHKPETHOM OHO-
TOIle, pexxe MOJIOAbI0 KOTTOMJHBIX PHIO.

CpaBHUTeJIbHBIN aHanu3 HakomsleHus IIXB B
TKaHAX TaKCOHOMHUYECKU U 5KOJIOTUYECKU Pa3jIM4HBIX
BUJIOB II03BOJIAET PElINTh ABe 3aJauy, uMemomnie GpyH-
JlaMeHTaJIbHOe 3HaueHUe [JIA MOHUMaHUA 3aKOHOMep-
HOCTell COBpeMEHHBIX 5KOJIOTUYeCKUX IIPOLIeCCOB:

1. oleHUTb ypOBeHb W XapaKTep 3arpsA3HeHUA pas-
JIMYHBIX DKOJIOTMYecKuX 30H baiikana;

2. onpenesiUTh B3aNMOCBSA3b 5KOJIOTUYECKHX 0CO0eH-
HOCTel BUOB C IpolleccaMi GHOKOHIIEHTPHPOBa-
HUA Y OGMOAKKyMYJIAIMHM CTOMKUX 3arps3HUTesIel

B OpraHusMe.

I{esar HacTosAmel paboThl 3aKjI0Yajgach B MOJy-
YeHUM COBPEMEHHBIX AaHHBIX IO cofepxaHut [IXb B
TKaHAX pa3JIMYHBIX BUJOB phIO 03epa batikaJi, BhLABIIe-
HUU 0COOEHHOCTe YpOBHel HaKOIIJIEHUA 3arps3HUTe-
Jie!l B 3aBUCUMOCTH OT PaliOHOB X OOUTAHUA B paMKax
OI[eHK! MOTEHLIMAJBHOTO 35KOJIOTUYEeCKOT0 pHCKa OT
MIPUCYTCTBUA 3arpsA3HUTeJIeN 3TOTO Kjacca B 6aliKaib-
CKOI BOJle Ha ypOBHe CJIeJIOB.

2. MaTepuanbl U METOADI

OT160p pob6 pr16. O6pa3sIibl PeIO OBLITU OTOOPAHE
B XOJle SKCHeAUIMil Ha Hay4YHO-HCCJIefO0BAaTEeJIbCKOM
cynHe «[.10. Bepemarus» B aBrycre u okTsabpe 2024
roga (Puc. 1). OTJIOB MPOBOAMIN C KCIIOJIb30BaHHEM
JOoHHOTO Tpaia (Adesa B KyTke 10 mwm). HcciemoBanu
MATh BUIOOB OaliKaJIbCKUX KOTTOMAHBIX PBIO ceM.
Cottidae: A. pallidus, A. godlewskii, A. platycephalus,
L. kesslerii u C. comephoroides, a Takxe JBa BUAa CEM.
Coregonidae: C. baicalensis u C. migratorius. Ilocye
OTJIOBA pHIOY YNIAaKOBBHIBAJIN B aJIIOMUHUEBYI0 (QOJIBIY U
XpaHWIM npu TeMiepatype —20°C o aHaIM3a.

INoagroroBka mpo6. Ilepen aHam3oM 0OpasIfel
pasmMopaxuBaid I@pu KOMHATHOM TemIepartype.
[TpoBoauau cTaHAApPTHHIN OHOJIOTMYECKUN aHaJu3
(ITpaBouH, 1996): ompedenisAnu CTaHOAPTHYIO OJIAHY
(SL) m wmaccy, ompefeisanu IoJ, BO3pacT U MOp-
do-skosiorruecky rpynmny y O0aliKajJbCKOro OMYyJiA
(Tabsmmma 1). IMoaroToBKy mpo6 MPOBOAMIIA COTJIACHO
meroauke (DP.1.31.2021.40284). [lis nesneil HaCTOSA-
mero MccjaefoBaHusA, MeToAuKa ObljIa afanTHpoBaHa:
y pbi0 yHOassuiM roJiIoBy, BHyTpE€HHHE OpraHbl, KOCTU
U KOXy. JIJIA XMMHUYeCKOTO aHaju3a HCIOJIb30BaIU
BCI0O MBIIIEYHYI0 TKaHb 0e3 pasfesieHus Ha KpacHbIe
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Puc.1. Kapra otJioBa 6aiikajabCKUX PBIO.

u GeJsible MBIIITEL. ['OMOreHM3aIuo MBIIIeYHON TKaH!
MeJIKUX ocobell mpoBogwiu B OJieHzepe, mpeiBapu-
TeJIbHO M3MeJIbUMB JIabOpaTOPHBIM HOXOM, [AJIA aHa-
Ji3a MCI0JIb30BaJIM ABe IapaJulesibHble HaBeCKU Mac-
coti okoJsio 0.5 .

K oTtoOpaHHbIM HaBeckamM BHOCHWJIM BHYTpDEH-
HUI cypporaTHbiii cTtaHgapT (cMmech «Marker-7 PCB
Mixture» M30TOMHO MeuyeHHBIX KOHTreHepoB IIXB NoNo
28, 52,101, 118, 138, 153, 180) u roMoreHN3MpOBaAIA
¢ Oe3pogHbIM cyabparoMm HaTpudA. M3BieuveHue I1XB
MPOBOJIWJTA METOAOM [BYKPATHOM YJIbTPa3ByKOBOM
akcrpakiuu (35-40 k', 15 MUH) CMEChI0 pPacTBOPHU-

Tesen n-rekcad-aretoH (1:1) w3 roMoreHM3WMpOBAH-
HOM MaTpullbl. OO0beJUHEHHBII1 SKCTPAKT KOHIEHTPH-
poBayii Ha POTOPHOM Hcnaputesie A0 obbeMa 1 M,
cymuan Hapg 6e3BOAHBIM CyJb(aToM HATpUA U MPO-
BOAWJIM OYMCTKY [pU MOMOIIM KOHI[EHTPUPOBAHHOM
cepHON KucjI0Th. OuuIeHHBIN OpraHuYecKuil CcJIou
MPOMBIBAJIM AVICTUJLJIMPOBAHHOM BOJIOU [0 HEHTPAJIb-
Horo pH, cymmnu Hag 0e3BOAHBEIM CyJibaToM HaTpUA
1 KOHILIEHTPHUPOBAJIA B TOKe aproHa fo oosema 0.1 mi1.
[Tepen xpomaro-Macc-cnekTpoMerpudeckuM (I'X-MC)
aHaJIM30M B OYMIIEHHBIN 3KCTPaKT BBOAWJIU BHYTpPeH-
HUU cTaHAapT BeIxona (4,4’-qubpomMoudeHm).

Ta6suna 1. [TapamMeTpsl uccaeOBAaHHBIX PAIOB 6AMKAIBCKUX PHIO.

TakcoH | SL, MM |Macca Tesa, r | Bo3pact*, jger | Kos-Bo, 5K3. | MecrTo u rirybuHa oT6opa
CemetictBo Coregonidae
Coregonus baicalensis 277-297 255-306 5 CeneHruHckoe mejakoBoabe, 110-150 m
. . 190-274 79-240 3-5 CeJieHTMHCKOe MeJIKoBoJbe, 110-150 M
Coregonus migratorius
267-302 234-385 5-6 3 Awnrapckuii cop, 40-50 m
CewmetiictBo Cottidae
Abyssocottus 83-93 9,3-13 3-4 4 TpaBepc noc. Byryapaerika, 710-750 m
(Asprocottus) 90-100 13-17 2-4 4 IIposuB Bosbmue Bopota, 230-270 M
platycephalus 80-90 11-13 3 4 Tpasepc 6yxTs dposmxa, 630-650 M
Abyssocottus 93-125 14-34 2-4 4 TpaBepc noc. Byrynsgetika, 510-535 m
(Limnocottus) godlewskii
Abyssocottus 87-100 7,5-13 2-3 4 Tpasepc noc. Byrynbaetika, 710-750 m
(Limnocottus) pallidus | 96-115 15-20 2-3 4 TpaBepc 6yxThl Asisi, 630-650 M
107-114 14-18 2 3 CeJieHTHHCKOe MeJIKoBobe, 40-50 M
Cottocomephorus 93-128 10-33 1-2 4 Tposus Bosbimue Bopota, 135-165 M
comephoroides
113-120 12-24 1-2 2 [Iposius Bosbmue Bopora, 230-270 m
Leocottus kesslerii 96-115 7,1-11 2-3 4 CeJieHTHHCKOe MeJIKoBoAbe, 40-50 m

IIpuMeuaHue: * — BO3paCT ONpPEESUIN 10 OTOJIUTAM
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XpomMmaro-Macc-cCieKTpOMeTpHUYeCcKUil  aHa-
Jm3. [IXb ompepesnAnu Ha ra3oBoM xpoMmartorpade c
TPONHBIM KBaJAPyIOJIbHBIM Macc-CIIeKTPOMeTPUieCKUM
netexktopom Agilent Technologies 7890B GC System
7000C GC/MS Triple Quad.

Xpomamoepaguueckoe pa3desieHue TPOBOAIIN
Ha KanmuwuisgpHoi kojionke OPTIMA®-17 MS (30 m X
0.25 mm X 0.25 mMxMm). 'pagueHT TemmepaTyphl: OT
80°C (Beimepxka 1 muH) 1o 310°C co ckopocTsio 15°C/
MUH, (puHanbHas Beifepxka npu 310°C — 10 muH.
Temneparypa nnxekropa — 280°C. O6beM BBOZA TPOOHI
— 2 MK B pexume 6e3 aeneHus notoka (splitless).

Macc-cnexmpomempuueckoe OemekmupogaHue
MIPOBOAWJIY B peXHUMe MOHHTOPHHIA MHOXeCTBEHHBIX
peakuuii (MRM). Temnepatypa MOHHOT'O UCTOYHUKA —
230°C, temmnepatypa kBajapymnoseil — 150°C. dna xax-
JIOr0 aHaJINTa ¥ BHYyTPEHHUX CTAHAAPTOB OTCJIEXHUBAIIN
aBa xapakrtepHbix MRM-nepexoma. WaeHTudukarmo
KoHreHepos IIXB npoBoquiu no COBNAAEHUI0 BpeMeH
yAepXrBaHUsA B o0Opaslie U rpaJypOBOYHOM pacTBOpe
(0.1 mMuH), a TakXe IO COOTHOIIEHUIO IIJIOIIaJielt
MUKOB JIByX aHaiutudeckux MRM-nepexonoB (momy-
CTHMOEe OTKJIOHeHUe — He 0ojiee =20% OT 3HaYeHMUs,
[IOJIy4YeHHOI'0 /I TpaAyUpPOBOYHEIX PacCTBOPOB).

KostuuecmaenHoe onpedesieHue BBIIOJIHAIN MeTO-
JIOM BHYTpEHHero cTaHjapTa [0 CMeCH CyppOTraTHBIX
cragaapToB. CTpPOWJIM TpaJyHpOBOYHBIE 3aBHUCHUMO-
CTU B Juamna3zoHe koHIjeHTpauuii ot 0.005 mo 25 Hr/
M. Pacuer copepxanus [IXB B npo6ax NMpoBOAUIN IO
cpeqHeMy 3HaueHWIO U3 ABYX pe3yJIbTaTOB ollpejeJie-
HUA B ABYX TapaJujleJIbHbIX HaBecKax, UCII0JIb3ysA COOT-
HOIlleHNue IUIomiafell aHaJIMTUYeCKOro U COOTBETCTBY-
I0Ilero CypporaTHoro cTaHaapra.

Koumposs kauecmea BKJIIOYaJ IIpolielypHBIE
XOJIOCTBIE OMBITH (peareHT-0JiaHK) AJiA OIleHKHU Jiabo-
paropHoro (QoHa. KauecTBO 3KCTpakIiy KOHTPOJIM-
pOBaJIM IO MPOILIEHTY M3BJIeYeHUs CyppOraTHBIX CTaH-
JapToB, KOTOPHIN cocTaBiisn 78-92%. [y mpoBepKu
MIPaBUJIBHOCTU METOWKY MCII0Ib30BaIM CTaHAapPTHBIN
o6paser; BCR®-350 (>xup Makpesin).

OmnpenesieHne MHAUKATOPHBIX U JMOKCHHO-
nono6uberx koHreHeposB IIXB. Kommepueckue mpo-
ayktel [1XD mpousBoauIvch B BUe CJIOXHBIX cMecei
nepeMeHHOro cocrasa (no 50-70 WHAWBUAYaJIbHBIX
KOHIeHepOB — U30MePOB 1 FOMOJIOI'OB Pa3HO CTelleH!
XJIOPUPOBaHUA) U B TaKOM BHJle NIOCTyNaJIU B OKpyXXa-
I0IIy10 cpelly. B cBA3M ¢ ueM KOppeKTHas olleHKa YpOB-
Hel 3arpsA3HeHNsA BOJHbBIX 5KOCHCTEM YacTo 3aTpyAHeHa
13-3a IPUMeHeHHUs pa3jInYHbIX MEeTOUK OllpejiesieHuA
CO3, B ciyuae IIXDb mpobieMa cBf3zaHa ¢ UAeHTUDU-
Kalyeil u onpejeJjieHieM pa3HOIo 4Kcja KOHTeHepOB.
DTH BOIIPOCHI pelllaeMHl oIpe/ieieHeM OTpaHNYeHHOr 0
4KcJla COeJUHEeHNH — ceMU MHNKaTOPHBIX KOHTeHepoB
(NeNe: 28, 52, 101, 118, 138, 153 u 180), xoTopsle,
Kak [IpaBUJIO, ABJIAIOTCA MaXXOPHBIMY KOMIIOHEHTaMU B
TOMOJIOTMYEeCKUX IPYIIax N30MepOB TeXHUYECKUX CMe-
ceti IIXB (ITXB No28 B rpymnne TpUXJIOPHUPOBAHHBIX U30-
MepoB; [IXB No52 — terpaxsiopupoBaHHbIX; [IXB Nol101
1 Nel118 — nenraxsiopupoBaHHbIX; [TXD No138 1 No153 —
rekcaxyiopupoBaHHBbIX; [IXB No180 - rentaxsiopupoBaH-
HBIX), 4YTO OOBACHAET UX OOHapyXXeHUe NIPaKTUYecKU B
JI00bIX oOBbekTax. KomlaHnapHble, AUOKCHHONOAOOHEIE
koHreHepnl [1XB (NeNo: 77, 81, 105, 114, 118, 123,
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126, 156, 157, 167, 169, 189), obaagaoT HanboablIein
TOKCUYHOCTBIO cpemu Apyrux IIXb u agauTuBHBIMU
abdexTamu coBMecTHOro npucyrcrus (Walker et al.,
2004). Ucxona u3 coctaBa TexHudyeckux cMeceil I1XB
(Kupuuenko u ap., 2000) v 3HaUeHUI MeXAyHapOIHbIX
k03hdunreHToB Tokcuuyeckux 3kBuBajieHTOB (I-TEF)
HaMy ObUI BBIOpaH psA IPUOPUTETHHIX AUOKCHUHOIIO-
no6uHberx ITXB, NoNe (I-TEF): 105 (0.0001), 114 (0.0005),
118 (0.0001), 123 (0.0001), 126 (0.1), 156 (0.0005).

[Ipepensl oOHapyXeHHUA U OINpeleseHUs oOlle-
HEHBl B COOTBeTCTBUU ¢ pekoMeHpanuamu HIOITAK
(Currie, 1995) kak mnpousBefleHHe CTaHOAPTHOTO
OTKJIOHeHUs J1abopaTopHoro ¢oHa u kosdpduiueHTa:
kq = 3 1A pacuéra npejesia oOHapyXeHUs 1 kq =10
JUIA pacuéra Ipefesia omnpepeneHus. IIpegesn ompe-
JeneHus Uil BhIOpaHHBIX KoHreHepoB IIXB cocraBun
0.010 ur/r ceipoii Maccel. CymMMapHas NOTPENIHOCTb
oIpefesieHUA He npesbimana 35%.

Kos¢ppuyuenm HakoneHus pacCUMTHIBAIN KakK
OTHOILIEHNe CpefHell MacCOBOHM MOJIM WHANUKATOPHBIX
WIN OUOKCHUHOHomomoOHbIX IIXP B TKaHAX OaiikaJib-
CKUX pBIO (HT/KT) K UX cpeAHell KOHIleHTpaluu B Oaii-
KaJIbCKOH Bojie (Hr/Ji).

CymmapHsiti moxcuueckutl sxgugsastenm (WHO-
TEQ,,,) (Kutz et al., 1990) A n oGHapyXeHHbIX AHO-
KHUCHOMONOOHBIX KOHreHepoB [1XB paccuuThiBasu 1o
dopmye:

TEQ s = z;(q -1 -TEF),
rae TEQ, . — CYMMapHBII TOKCUYECKUI SKBUBAJIEHT; C,
— KOHIleHTpanus i-ro koHreHepa II1XB B mpobe (Hr/r);
I-TEF, — MeXayHapOAHbI KO3PPUIMEHT TOKCUYECKOU
SKBUBAJIEHTHOCTU A i-r0 KoHreHepa I1Xb.

3. Pe3yAbTaTtbl M 06Ccy)xpeHue.

B Tkansax 6aiikajibckux pbi®O HAeHTUDUIMPO-
BaHBI CeMb MHANKATOPHBIX KOHT€HEePOB 1 YeThIpe-IATh
13 MIeCcTU BHIOpAHHBIX JUOKCHUHOMOOOHBIX (Haubosee
TokcnuHbIH [TXB No126 He ObL1 OOHApYXeH HU B OOHOMN
u3 npob). CpeHUE MacCOBbIE JIOJIU CYMMapHOI'0 COAep-
KaHWs UHAUKATOPHBIX KOHreHepoB (ZI1XB,) u auokcu-
HOIO/TIOGHBIX KOHT€HEPOB (ZHXBHK) B MBIIIEYHOH TKAHU
nccjeqyeMbIX peIO puBefieHsl B Tabnulie 2.

CoctaB u cooTHouleHHWe KoHreHepoB I[IXB B
MBIIIEYHBIX TKaHAX PHIO 3aMeTHO OTJIMYAalTCA OT UX
COCTaBa M COOTHOIIIeHUs B Npobax H6aiikaabCKOU BOJIbI,
4TO 00BACHAETCA pas3jnuyveM MeXaHH3MOB HaKoIljle-
HUA U CKOPOCTBIO TpaHchopMaluy KOHI'eHepOoB C pas-
HOM CTelleHbIo xJloprupoBaHuA. CorjacHo pe3yJsbTaTaM
MHoOroJjieTHero MoHuTopuHra CO3 B BOAHOH 3KOCHU-
creMe o3epa (Gorshkov et al., 2022) B Teuenue 2014-
2021 rr. Habsojanoch cCHUXeHe KoHleHTpauuii I1Xb
B BOJie IleJjlaryajy, [ipuyeM B HEKOTOPHIX TOUYKax OTMe-
YaeTcA CHUXXEHME [0 IIpeesIoB olpeAesieHrs ZHXB7 <
0.11 vr/n. CpeaHsAA KOHLEHTpaUUA U CTaTUCTUYECKU
3HAUMMBIM [Ouana3oH OOHApyXeHHbIX KOHILeHTpauuin
EI'IXB7 B BOJle Ilejlarvajii oO3epa OLIEHEHbl 3HauyeHU-
savuy paBHBIMU 0.30 u 0.26-0.34 HI/J1 COOTBETCTBEHHO.
HakoruieHne MHANKATOPHBIX KOHI'€HEePOB B MbIIIEYHBIX
TKaHAX PHIO OlleHeHO [Ouana3oHOM Ko3(pUIeHTOB
1.2:10° go 6.0-10* (TaGiuua 2), mpy 4eM HaubOoJIbIIHE
3HaveHus (10%) GbUIM MOJyYeHBI AJIA AeMepCabHBIX
ri1yOOKOBOOHBIX BUIOB phIO cemelictBa Cottidae: A.
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Ta6smmua 2. CpesiHre MacCoOBBIE [IOJIM CYMMAapPHOTO COZIEPXXaHUA UHAUKATOPHBIX (ZI1XB,) n AnokcuHonono6Hsx (ZI1XB

0

xoHreHepos IIXB B TkaHAX 6aiikaabCcKUX prIO, KoadduireHTs HakorteHus [1XB.

Paiion or6opa Bup CpenHee conepxanue IIXB B priOe, KosddummeHTs Hako-
HI'/T ChIPOI MacChl mienus I[IXB B pribe
STIXB, SMIXB STIXB,
A. pallidus 11,45 4,06 3,8-10*
Byrysbaeiika A. godlewskii 4,34 1,48 1,4-10*
A. platycephalus 6,71 2,57 2,2-10*
L. kesslerii 1,37 0,37 4,6:103
CeJIeHIMHCKOe C. comephoroides 0,83 0,36 2,810°
MeJIKOBO/Ibe C. migratorius 0,86 0,35 2,9-103
C. baicalensis 0,36 0,14 1,2:108
MaJtoe Mope (IIpOJIHB C. comephoroides 0,87 0,30 2,910°
Bosbumite BopoTa) A. platycephalus 1,86 0,51 6,2:10°
C 5 D A. pallidus 17,85 5,55 6,0-10%
€BEPHbIN Barikan
(6yxThI Asia u DpoJsuxa, A. platycephalus 6,49 1,90 2,2:10%
ST Cop) C. migratorius 0,74 0,24 2,5108
pallidus, A. podlewskii, A. platycephalus. Tlpu cpaBHe- 50%
HUU MacCOBOM IOJIA ZI'IXB7 B [ieMepcaJIbHbIX U IleJia- , 7
ruyecKkrx BUAax pbld OTMeuYeHOo, YTO coAepikKaHue IOoJI- & e Il
JIOTAHTOB B J[(€MEPCAIIBHBIX TJIyOOKOBOAHBIX BUAAX & 500,
Boille. Pazsuunsa HaGII0qal0TCA BO BKJIaJle OTOE/IbHBIX [;;1
UHOUKATOPHBIX KOHreHepoB [IXB pa3HoOl cTemeHU 5 20%
XJIOPUPOBAHUA — B JileMepCasbHbIX TI'TyOOKOBOIHBIX E
Bugax A. pallidus, A. godlewskii, A. platycephalus Han- 10% —
Gosbmium BKJIagoM (Gosiee 60 %) B 2T1XB, xapakrepu- 597
3YI0TCA IIECTUXJIOPUPOBaHHEIE HXB. Nel53 I/I_N9138_, B 28 52 101 118 153 138 180
neylarndeckux Bugax C. comephoroides, C. migratorius, Mo SastR
C. baicalensis 1 nonHoM MejakoBomHom L. kesslerii . ) _
ux BKJIag He Gosiee 40 % U COMOCTABUM C BKJIAZIOM OA. pallidus B L. kesslerii B C. comephoroides

naTuxsjoprupoBaHHbix [1XB Ne101 u No118 (Puc. 2). B
BOJIEe MeJlaryay o3epa cogepxaHue KoHreHepos IIXb
Nel53 u Nel38 cocraBiaser menee 20 % cymMMapHOIo
cozmepxanus ZI1XB, (Puc. 3).

[TosryueHHBle JaHHBIE COIJIACYIOTCA C HCCIIELO-
BaHUAMU IJTyOOKOBOAHBIX OPraHW3MOB, XapaKTepu3sy-
onuxcsi 0oJiee BbicOkUM HakomsieHneM CO3 B cpas-
HEHUM C BUAAMU, OOUTAOMMMHU B IIOBEPXHOCTHBIX
Boaax (Knezovich et al., 1987; Froescheis et al., 2000).
OTJin4nie KOHreHEPHBIX NpoduIel MOXeT 00bACHATHCA
0COOEHHOCTAMM Cpefpl OOUTaHUA U paluoHa JeMep-
CaJIbHBIX IJIyOOKOBOAHBIX BUAOB PbIO, M, BO3MOXHO,
CBUAETEJIbCTBOBATh O IPEUMYILECTBEHHOM HAaKoOILIe-
HUM BBICOKOXJIOpUpPOBaHHLBIX [1XB, B yacTHOCTH UHAVK-
TOpHBIX KOHreHepoB [IXB Nol153 u Nel38, B HOHHBIX
OTJIOXKEHUAX, OTKy[a OHU MOTYyT IOCTynaTh IO MHIIe-
BOM 11enu k rugpobuoHTam. B nounble oTyioxeHus [1Xb
MOTryT IOCTynaTh C TBEPABIMU 4YacTHLIAMU U OCTaH-
Kamuy 6MoMaccel, KOTOpas B CBOIO ouepelb IpU XKU3HU
aKKyMyJIMpOBaJla 3arpsA3HUTENIN, [IPU YeM B Ilepuoj eé
’KM3HEHHOr0 IIUKJIa MeHee XjiopupoBaHHble [IXb moriu
ycneTb OuoperpaaupoBaTh U TpaHCHOPMHPOBATHCA.
ITosryyenHble AaHHBIE U BBICKa3aHHBIE MPeATOJIOXKe-
HUA MOT'YT Jleyb B OCHOBY MHOTI'OJIETHET'0 MOHUTOPHHIA
I1XB B riyb6okoBOAHOM 30He o3epa bBaiikain c 1esbio
onpejiesieHHds BO3MOXHBIX IIyTell UX IOCTYyIUJIEHUA U
KOHIIEHTPHPOBaHUA B Hell, U B3aUMOCBA3U C Ipoliec-
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W A. godlewskii
B A. platycephalus

W C. migratorius
B C. baicalensis

Puc.2. Tlpodpunu uHAUKATOPHBIX KOHreHepoB [IXB B
MBIIIeYHO! TKaHU 6alikaJIbCKUX PHIO: eMepcabHBIX I'Iy6o-
KOBOIHBIX BUIOB A. pallidus, A. godlewskii, A. platycephalus;
JleMepCcaJIbHbIX MeJIKOBOAHBIX L. kesslerii; memarudeckux C.
comephoroides, C. migratorius, C. baicalensis.
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Puc.3. Tlpodpunu uHAUKATOPHBIX KOHreHepoB [IXB B
BoJle mejaruanu o3epa Dbalikan (ycpegHeHHble 3HaueHUs
pe3yspTaroB MoHutopuHra B 2015 u 2020 rr.) (Gorshkov et
al., 2022).
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caMM, NPOMCXOIAIMMHY B Ij106aIbHOM aTMoc(epHOM
nepeHoce — JOMUHHUPYIOLeM HCTOYHHUKE MOCTYILJIeHUA
IIXB B BOAHYI0 3KOCUCTEMY O3epa.

Hakonnenue [IXB B nmesaruuyeckux BUAaxX phIO
MOXeT OTpaXkaTh YpOBeHb 3arpsA3HeHNA BOJAHOH TOJIIIH,
MIpeJCTaBJiAA NHTErpajbHyI0 XapaKTepUCTUKy KakK AJiA
BCero BOJHOIO 00beKTa, TaKk U OTHEeJIbHBIX ero pano-
HOB B 3aBHCHMMOCTHU OT THIIA U PacCTOSHUSA MUTpaIui
pbi6. Comepxanue I1XB B mbimuax C. migratorius u C.
comephoroides — Bufjax pasHBIX CeMENCTB, XapaKTepu-
3YIOIIMXCA AKTHUBHBIMU T'OPHU30HTAJIBHBIMU U BepTU-
KaJIbHBIMU MUTpanusaMu, comnocraBuMsl (Tabaura 2).
YuuthiBass pgaHHble ordyeta HIIO Taiipyn (Otuer...,
2015), B rpyboM mOpuUOIMXEHUN pacCMOTpeHHbIe
ceMelCcTBa COMOCTAaBUMBI U IO XHPHOCTH: CpelHHe
3Ha4YeHus U Auala3oHbl cofiepxXaHuA JunuaoB (%) ana
C. migratorius nipeAcTaBJieHbl 3HaueHUAMHU 2.35 1 1.34-
3.79, nuis rpymnmnsl KOTTOUAHBIX pei0: 1.88 1 0.41-6.25.

OmnpepesieHre AUOKCUHONOAOOHBIX KOHI€HEePOB,
pacueT CyMMapHbIX TOKCUYECKHUX 5KBHUBaJIEHTOB OOHa-
pyxenHbix IIXB sBiseTcsa obs3aTesibHON Ipouenypoil
OLIeHKU 3KOJIOTHYeCKOIo pUCKa, B TOM 4KCJle B KOH-
TeKCTe NMpOMBICJIa U NuIeBoi Oe3omacHOCTU. B Tka-
HAX pbI0 OOHapy’keHbl AUOKCUHONOAOOHbIe KOHIeHephl
IIXB, KOHLeHTpanuyu KOTOPHIX B BOAE XapaKTepUsy-
I0TCA yJbTpacjeJoBBIM ypoBHeM. PacueT cymMMapHBIX
TOoKcuyecknux skBuBasieHToB WHO-TEQ 1A cpegHux
ZIIXB . obHapyXeHHBIX B HccJiefyeMbIX 6aliKabCKUX
BUJax phib, mpefcraBiieH B Tabiune 3. Baiikajibckuil
OMYyJIb U OaliKaJIbCKUI CUT — NPEeNCTABUTEIN MPOMBIC-
JIOBBIX BUJOB pbI0. CpefjHee 3HaUeHNe U AUAIIa30H CyM-
MapHOro coAepxKaHus ZHXBHK B MbIllevyHoi TkaHu C.
migratorius oueHeHbl 3HaueHuAMH 0.32 u 0.18 - 0.83
HT/T CBIPOM Macchl COOTBeTCTBeHHO. CyMMapHEIN TOK-
CUYECKUH SKBUBAJIEHT (WHO-TEQZOOS) OlleHeH [Jqua-
nazoHoM 0.021 - 0.104 mr/r celpoil Macchel, YTO Ha
JiBa NOpsAAKA HIXe KOHILeHTpalui, oOHapyXeHHBIX B
Kymxe Salmo trutta (Limnaeus, 1758) aJbnuiACKUX 03ep
3amagHoit EBponsl u banTuiickoro mops (Tabiuna 3).

4. 3aKknloueHue

[TpoBesieH MOJpPOOHBIN cHUCTEMAaTUYECKUN aHa-
mu3 copepxanus [IXB B pa3snuHbIX BHJax Oaiikaib-
CKUX PBIO; BBISIBJIEHBI OCOOEHHOCTH HAaKOIJIEHUA
[IXB B memepcasibHBIX U TeJIaTMYecKUX BUJAX PbIO.
YcraHossieHo: 1) onpejiesieHre B JeMepCabHBIX (JOH-
HBIX) BU/IaX JaeT BO3MOXXHOCTH IOJTy4aTh MHPOpMaLuio
o HakorteHuu [1XB B riiyb0KOBOAHON 30HE, MeXaHU3-
Max WX TOCTYIUIEHUs, KOHI[EHTPHUPOBAHUsA C IOCJe-
JyIOIIell OLIEHKOM IOTEeHI[UAJIbHBIX 3KOJIOTHUYECKUX
puckos; 2) ompenenenue [1XB B mejarnyeckux BUAAx
ppi0 MOXeT OoTpaXaThb YPOBEHb 3arpsi3HEHUs BOJHOU
TOJILY, TIPEeJCTABJIAA MHTErPAJIbHYI0 XapaKTepUCTUKY
KakK BCero BOJHOI0 00beKTa, TaK U OT/IEJIbHBIX ero pau-
OHOB B 3aBUCHMMOCTH OT THUIIA Y PACCTOSHUA MUTPALUT
PBIO, a TakXe HCIIOJIb30BATHCA JJIS OL[eHKU B KOHTEKCTe
MUIEeBOH 6e30MacHOCTH TPOMBICJIOBBIX BH/IOB.

BbaaropapHocTH

ABTOpPHBI BBIpaxarwT OJiarofapHocTh c.H.c. M.B.
XaHaeBy 3a IIpeJiocTaBJjieHHble o6pasubl. Pabora
BHINIOJIHEHa IIpy MoAAepxke MuHucTepcTBa HayKu
u BeIcIiero obpazoBaHus Poccuiickoii ®efneparnuu,
tema No 0279-2022-0004 (8 ETMCY HUHOKTP No
122012600083-9). HccnemoBaHue MpPoOBeAeHO C
HCII0JIb30BaHKEM Hay4YHO-KCCJIe[JoBaTeIbCKOro CyaHa
“I".}0. Bepemarun” LIKII “I[eHTp KOMILJIEKCHBIX CYHO-
BBIX mcciiefjoBaHuil Baiikana” u obopymoBanus LIKII
“YnpTpamMukpoaHanus”.

KoHpAUKT UHTEepecoB

ABTOpHI 3aABJIAIOT 00 OTCYTCTBUM KOH(PIIUKTA
HMHTEPECOoB.

Ta6suna 3. Conepxanue ooHapyxeHHbIX [IXD B 6alikayibckux BUjaxX peIO 1 pe3yJibTaThl pacueTa CyMMAapHBIX TOKCHUYECKUX
sxBuBasieHToB WHO-TEQ B cpaBHeHuu ¢ Auanaszonamu WHO-TEQ o6HapyxeHHbix [IXB B kymxke Salmo trutta (S. Trutta) npyrux

BOJHBIX 3KOCHCTEM.

O6BeKT ConepxaHue QUOKCUHONONOOHBIX KOHTeHepoB IIXB, ur/r (Ne IIXB, I-TEF*) WHO-TEQ, or/r
123 118 114 105 126 156 e
0,0001* 0,0001* 0,0005* 0,0001* 0,1* 0,0005*
Boma < I[10 0,06 < I10 < 10 < 10 < 10 0,006
C. comephoroides 0,03 0,14 0,01 0,11 < 10 0,02 0,045
C. migratorius 0,03 0,15 0,00 0,12 < 10 0,02 0,041
C. baicalensis 0,02 0,07 0,00 0,05 < 10 0,01 0,018
L. kesslerii 0,03 0,18 0,01 0,13 < 10 0,02 0,048
A. pallidus 0,34 2,24 0,14 1,61 < 10 0,47 0,72
A. godlewskii 0,11 0,70 0,04 0,50 < 10 0,14 0,22
A. platycephalus 0,12 0,78 0,04 0,54 < 10 0,17 0,25
S. trutta (anpnuiickue o3epa 3anaaHoil EBporibr) 6,3-13 **
S. trutta (BanTtuiickoe Mope) 4,2-9,0 **

IIpumeyanue: < I1O — HuXxe npefesia onpeaeseHNs;

— MeXAyHapOoaHBIN K03PUIMEeHT TOKCHYeCKOl SKBUBAJIEHTHOCTH;

** _ Gorshkov et al., 2022.
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