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Abstract. Microplastic particles in the size range 0.15 to 5.00 mm were quantified
and characterised in the gastrointestinal tracts of three wild freshwater fish (n = 141)
from the Ob and Yenisei rivers, including common ruffe (Gymnocephalus cernua L.),
Siberian dace (Leuciscus baicalensis Dybowski) and European perch (Perca fluviati-
lis L.). Microplastics were found in the gastrointestinal tract of 62% of the fish exam-
ined, ranging from 18.5% in the Yenisei perch sample to 92.6% in the Ob ruffe sample.
The vast majority of microplastics in all fish species were fibres (up to 99.7% of all
particles detected in perch), followed by irregularly shaped fragments (up to 22.7% in
ruffe), with no preference between the three species. Spheres and films were found ex-
clusively in dace and ruffe, with proportions of 3.7% and 1.2% respectively. Particles
consisted of polyethylene terephthalate, polypropylene, polyamide and other synthetic
polymers with a significant proportion of highly degraded polymers. The mean MP
content in fish GITs ranged from 0.44 + 0.25 items per individual in Yenisei perch to
3.81 £ 0.55 items per individual in Ob ruffe. Particle burdens in fish were significantly
higher in the Ob than in the Yenisei (p < 0.05), which may reflect the common level of
plastic contamination in these two rivers. MP ingestion varied in species with different
feeding habits as ruffe (benthivorous) > dace (omnivorous) > perch (hunter) in both
rivers (p < 0.01). This study was the first to quantify MP consumption by freshwater
fish of different species in the Ob and Yenisei rivers and to identify patterns associated
with different feeding habits.

The paper contains 4 Figures, 2 Tables and 37 References.
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AHHoTauus. [IpoBeeH KOMMUECTBEHHBIN yUeT U JaHa XapaKTePUCTUKA MUKPOII-
JacTHKa pa3MepHoro auanazoHa ot 0,15 1o 5,00 MM B jkesTyJOUHO-KUIIEYHOM TPaKTe
TpeX BHIOB JUKHX MPECHOBOAHBIX pbIO (n = 141) u3 pex O6b u Enuceil, Bkirouast
obbIkHOBeHHOTO epiua (Gymnocephalus cernua L.), cubupckoro embua (Leuciscus
baicalensis Dybowski) u peunoro okyust (Perca fluviatilis L.). Mukpormnactuk Obu1
OOHAapYKEH B JKeTyA0YHO-KUILEYHOM TpakTe 62% HCCIe0BaHHbIX PbIO, 10N pbIO ¢
IUIACTHKOM BapbupoBasia oT 18,5% B BbIOOpKE eHuceiickoro okyHs 10 92,6% B BbI-
6opke obckoro epia. [Topasisioniee OOMBIIMHCTBO MHKPOIUIACTHKA BO BCEX BHIAX
pbIO cocTaBisuIM BONOKHA (10 99,7% Bcex yacTull, OOHAPYKEHHBIX B JKEIYI0YHO-KH-
LIIEYHOM TpaKTe OKyHeil), 3areM ciefoBain (parMeHThl HelpaBWIbHOH GOpMBI (10
22,7% y epiua). JlocToBepHbIC OTIMYMS B IOMVIOIIEHHH YAacTULL TOM WIM MHON (opMbI
MEXIy Tpemsi Bumamu pbib orcyrerBoBaiii. Chepbl U IIeHKH ObUTH OOHAPYIKSHBI HCKITIO-
YUTENBHO B BBIOOPKax eIlblia M epliia, UX J0Ms cocTaBisuia jumb 3,7 u 1,2%, coorBer-
crBeHHO. HaliieHHbIe B ppIOax 4acTHIIbI COCTOSUIN U3 MOJMITHIICHTepedTaaTa, noiauIpo-
IMJICHA, TIONIMAMKZIA M IPYTUX CHHTETUYECKHX HOIMMEPOB CO 3HAYUTENBHOM Joet erpa-
JIMPOBAHHBIX MoMMepoB. CpeziHee coliepykaHue MUKPOILTACTHKA B JKENYJ04HO-KUILICYHOM
Tpakte pbib BapbupoBaio ot 0,44 + 0,25 1t. Ha ocodb y okyreii n3 Enuces mo 3,81 + 0,55
IT. Ha 0co0b y epuieit u3 O6u. ComeprkaHue YacTHIl B Pbl0ax ObLIO 3HAYMMO BBIILIE VTSI
BbI0OpOK 13 06w, uem u3 Exncest (p < 0,05), uTo MOXKET OTpakaTh OOIIUI YPOBEHb IIACTH-
KOBOI'O 3arpsi3HEHMS B 9THX JIBYX pekax. [ToroleHre MUKpOIUIaCTHKa Y BUIOB C Pa3HBIM
TMILEBBIM MOBEICHUEM PACIIPEIEIIIOCh B IOCIEI0BATENBHOCTH: epll (OeHTodar) > enen
(aBpudar) > okyHb (xuiHKK) B 0benx pekax (p <0,01). B naHHOM ucciieioBaHny BriepBbie
IPOBE/ICHA KOJIMYECTBEHHAs OLIEHKA NOTPEOJICHNs MUKPOIUIACTHKA TIPECHOBOJHBIMU Pbl-
Oamu pa3HbIX BUIOB B pekax OOb u EHuceid U BbIBICHBI 3aKOHOMEPHOCTH, CBSI3aHHBIC C
Pa3IMYHBIM IHILEBBIM ITOBEJICHHEM.

KiioueBble ci10Ba: MUKPOILUIACTHK, PECHOBOAHBIE PbIOb, O0b, EHNCEll, OHOMH-
JIMKALWst, 0COOCHHOCTH HOTJIOIIEHHS YacTHI], IUILEBOE MOBECHHE
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duHaHcHpoBaHHe: paboTa BHINOIHEHA INPU MOAAEPXKKe Poccuiickoro HayyHOro
¢ouna (rpant Ne 22-27-00720) u [Iporpammel pa3Butust TOMCKOro rocy1apcTBEHHOIO
ynauBepcurera ([Ipuopurer 2030).

BaarogapHocTH: MUKPO-paMaHOBCKas CIIEKTPOCKOIHS IPOBOAMIach B TOMCKOM pe-
TMOHAJIBHOM LIEHTPE KOJUIEKTHBHOIO IOJIb30BaHMS HaydHbIM 0OOpynoBaHueM Tom-
CKOr'0 rOCYJJapCTBEHHOTO YHUBEPCHUTETA.

Jnsi murupoBanmsi: Vorobiev DS, Frank YA, Rakhmatullina SN, Vorobiev ED,
Poskrebysheva YR, Oladele O, Trifonov AA. Microplastic ingestion by fish with dif-
ferent feeding habits in the Ob and Yenisei rivers. Vestnik Tomskogo gosudarstvennogo
universiteta. Biologiya = Tomsk State University Journal of Biology. 2024;66:252-266.
doi: 10.17223/19988591/66/13

Introduction

Freshwater fish, which are considered to be the main recipients and bioindica-
tors of microplastic < 5 mm (MPs) pollution in rivers and lakes, are a valuable
model for developing knowledge on the effects of plastics on biota [1]. Published
data show that MPs and smaller particles (nanoplastics) can have adverse effects
on freshwater fish at almost all biological levels, including the cellular, tissue and
organ, individual, population, aquatic community and ecosystem levels, causing
metabolic disorders, altered feeding behaviour, mortality and changes in commu-
nity structure [2-3]. The uptake and effects of MP particles in freshwater fish were
first documented in 2013 [4], and the number of publications has steadily in-
creased since then. More recently, evidence of plastic particles in commercial wild
fish and fish products has emerged [5], highlighting the potential impact of MP
contamination of the hydrosphere on human health [6-7]. Freshwater fish are im-
portant contributors to both aquatic and terrestrial food chains; in aquatic ecosys-
tems, fish are among the most important consumers or top predators, occupying
an obvious position in the food web [8]. Many of Siberia's river fish are commer-
cially important and serve as a source of protein for local populations, highlighting
the importance of research in this area.

Research on the uptake of MPs by wild fish around the world is mainly based
on examination of the gastrointestinal tract (GIT), as ingestion is considered to be
the main external route for particles [9]. The trophic guild can be an important
factor in explaining the presence and abundance of MPs in the GIT of a fish [10].
MPs can be ingested by fish with different feeding habits in several ways [11]: (1)
predators ingest particles as prey; (2) planktophages ingest MPs passively when
filtering nutrients; (3) organisms ingest MPs accidentally from the environment
during non-filtering feeding; (4) organisms obtain MPs through food chains; and
(5) organisms ingest MPs passively from the surrounding aquatic environment
during respiration.

MP ingestion has previously been demonstrated for omnivorous dace in trib-
utaries of the Ob and Yenisei [12-13], but not in the main rivers. The consumption
of MP by perch and ruffe in Siberian rivers and its patterns for fish with different
feeding habits are of interest. This study aimed to quantitatively evaluate the con-
sumption of MP by three freshwater fish species with different feeding strategies,
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including Siberian dace, European perch and common ruffe in the main rivers of
the Ob and Yenisei. The Siberian dace is a freshwater benthopelagic omnivorous
fish of the Cyprinidae family that feeds on insect larvae such as caddis and may-
flies, terrestrial insects, cladocerans, copepods, algae and higher aquatic plants
[14]. The European perch and the common ruffe are two demersal carnivorous
freshwater fish of Percidae family [15]. The larvae and small juveniles of perch
usually feed on planktonic invertebrates; the adult is a typical hunter, while the
main food of adult ruffe is zoobenthic and nektobenthic organisms [15-16]. It was
shown that the niche widths of perch and ruffe differ in terms of temperature, light
intensity and distance from the bottom, providing evidence for complementary
niche widths [17]. For the purposes of this study, we have classified dace, perch
and ruffe as ‘omnivorous’, ‘hunters’ and ‘benthivorous’ respectively, based on
their feeding habits.

Materials and Methods

Fish Sampling and Biological Analysis. The objects of the study were fresh-
water fish commonly found in Siberian rivers, namely European perch (Perca
fluviatilis L., 1758), common ruffe (Gymnocephalus cernua L., 1758) and Sibe-
rian dace (Leuciscus baicalensis Dybowski, 1874). A total of 141 fish individuals
of these species were caught using a fishing rod and analysed from the Ob
(n=74) and Yenisei (n = 67) rivers. The Yenisei fish collection was carried out
in the Krasnoyarsk region from 20 to 29 June 2022. Dace (n = 20) and perch
(n = 20) were collected from the Yenisei River within Krasnoyarsk (55°59' N
92°50' E), another 7 perch individuals were caught near Bor settlement (61°35' N
90°02' E), ruffe (n = 20) were collected in Dudinka (69°24' N 86°09' E). All Ob sam-
ples were caught in the Nizhnyaya Fedorovka settlement, Molchanovo district,
Tomsk Oblast (57°42'24' N 83°51'32' E). Perch (n = 27) and ruffe (n = 24) were
caught in June 2022; dace (n = 23) were caught in August 2023 at the same site.

Total fish length (L) and standard body length (1) were measured to the nearest
1 mm. Total body weight (Q) and body weight without viscera (q) (= 0.1-0.01 g) were
determined using an electronic balance. Fish GIT fullness was determined visually
and scored from 1 to 5 using the Lebedev scale [18]. Fish age was determined by the
number of annual rings on the fish scales under a dissecting microscope. The sex of
the fish was determined visually from the gonads as described by Pravdin [19].

Fish individuals were dissected and the entire gastrointestinal tract (GIT), in-
cluding oesophagus, stomach and intestines, was removed for further processing
as previously described [20]. GITs were fixed individually in 70% ethyl alcohol
[21] prior to MP extraction.

Extraction, Quantification and Identification of Microplastics. To extract MPs
from fish GITs, we used a protocol based on alkaline digestion of soft tissues
followed by density separation [22]. The digestion procedure involved the de-
struction of fish organs for 48 h in 100 mL of 10% KOH at 55°C. After tissue
destruction, MPs were collected by density separation in a saturated NaCl solution
(1.19 g/cm?®) overnight to avoid mineral particles. To remove products of fat sa-
ponification, the upper phase from the separation funnel was additionally treated
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with 96% ethyl alcohol (10% of sample volume). After treatment, each sample
was individually vacuum filtered through a glass fiber filter with a pore size of
1 um (Membrane Solutions, China).

Particles collected on the membrane filters were first examined by light mi-
croscopy (Micromed MC2 stereomicroscope) using a digital camera and
ToupView 3.7.6273 software, and probed using a ‘hot needle test’ [23]. The pol-
ymer composition of the particles was determined using microscopy coupled with
Raman spectroscopy (LRaman) as described previously [24]. Spectra were ob-
tained using an InVia Basic (Renishaw, UK) confocal Raman dispersion spec-
trometer fitted with a DM 2500 M microscope (Leica, Germany). Excitation was
performed with a continuous wave semiconductor laser (wavelength 785 nm,
100 mW). The maximum laser intensity did not exceed 10% to avoid heating and
destruction of the sample. The signal spectrum was accumulated during 1 s and
the number of scans reached 200. The spectra were measured in the range of 100
to 1800 cm™! with a spectral resolution of 1 cm™. The spectra obtained were then
compared with those of known plastic materials available in the PublicSpectra
database.

Quality Assurance and Control. Biological analysis was performed directly
after sampling to avoid particle loss and underestimation, as recommended [25].
Each individual fish was rinsed with distilled water prior to dissection to remove
any contamination from the fish body, and final dissection was performed in a
filtered air laminar flow box. Blanks containing no biological material were
analysed to control for air and reagent contamination as previously described [21]
(n =5 per 10 fish). Quantitative data were then normalised to account for blank
results (0 to 2 fibers per filter).

Analysis and Interpretation of the Data. MP abundance in GITs was assessed
as the number of particles per individual fish (items/ind.) and interpreted in the
paper as the arithmetic mean + standard error of the mean for each sample. Stand-
ard deviation and variation of MP content values per individual are also shown.
MP particles extracted from fish GITs were classified by shape into four groups:
spheres, films, fibers and irregularly shaped fragments, as previously done for
Siberian dace in the Yenisei tributary [13]. The particles were also classified into
groups according to their largest dimension: 0.15-0.30 mm, 0.31-1.00 mm, 1.01-
5.00 mm. The proportion (%) of each shape and size group of MPs was calculated
for each of the six fish samples examined.

Differences in MP uptake by dace, perch and ruffe between the Ob and the Yenisei
were assessed using the Mann-Whitney U test, as were differences in MP abundance
between males and females, and adults and juveniles. The Kruskal-Wallis H test was
used to determine the significance of differences in MP uptake by species within each
river and in particle shape and size distribution in the GITs of three fish species. Dif-
ferences were considered statistically significant at p < 0.05.

Results and Discussion

Abundance of Microplastics in Fish GITs and Associations with Biological
Characteristics. The biological characteristics of the investigated samples from
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the Ob and Yenisei rivers, as well as the content of MPs in the GIT of fish, are
presented in Table 1.

Table 1
Biological characteristics of fish samples and MP content in fish gastrointestinal tracts
Age GIT | % of
Parame- L mm! 1 mm Qe e year; n full- ﬁsh . MP§,
ter ’ ’ ’ ’ (n) Q/3huv| ness, | with | items/ind.
score | MPs
G. cernua, the Ob River, 2023
X 93.41 | 84.96 13.97 13.02 1+ Q) 1.65 3.81
SD 19.07 | 14.93 8.05 7.81 24(13)| 27 0.65 2.88
mx 3.7 2.87 1.55 1.5 3+ (11 127123 0.13 | 92.59 0.55
lim |70-135[67-120|5.57-33.08 ;‘17;3 4+ (1) 13 0-11
L. baicalensis, the Ob River, 2023
X 96.78 | 88.26 9.95 8.55 2 1.85
SD 14.16 | 12.77 5.17 496 |1+(16)| 23 1 913 1.58
mx 2.95 | 2.66 1.08 1.04 2+ (7) | 3/0/20 | 0.21 ’ 0.33
lim |[71-128|63-118| 2.95-21.5 | 1.4-19 1-4 0-6
P. fluviatilis, the Ob River, 2023
X 200.88|181.75| 131.6 122.56 1+ (1) 1.83 1.65
SD 17.38 | 17.72 30.96 29.33 3+(12)| 24 0.98 3.11
mx 3.55 | 3.62 6.32 5.99 oy 0.21 | 66.66 0.63
4+ (9) (14/10/0
lim 158- | 142- 61.3- 57.45- 5+(2) 14 0-15
230 | 215 199.02 188.01
G. cernua, the Yenisei River, 2022
X 126.5 | 115.2 18.57 16.25 2.68 2.32
SD 12.54 | 11.74 6.41 5.53 1+(2) 20 1.12 2.2
mx 2.8 2.63 1.43 1.24 |2+ (10) 13/7/0 0.25 75 0.49
. 109- | 100- 10.20- | 3+(8)
lim 157 145 11.10-37.9 373 1-5 0-9
L. baicalensis, the Yenisei River, 2022
X 208.15|188.25| 110.85 95.18 6+ (6) 3.33 0.86
SD 16.41 | 15.25 30.00 22.98 745y | 20 1.08 1.71
mx 3.67 | 3.41 6.71 5.14 = 0.24 30 0.38
8+ (8) | 12/8/0
lim 180- | 159- 60.20- 56.10- 9+ (1) 2.5 0-6
232 212 155.7 138.7
P. fluviatilis, the Yenisei River, 2022
X 213.89|189.93| 154.79 141.25 | 1+ (1) 3.37 0.44
SD 48.3 | 43.8 128.83 120.62 | 3+(8) 1.44 1.28
mx 9.3 | 843 | 24.79 2321 |4+ )| 27 | 028 | 1g5y | 0.25
5+(7) | 9/18/0 )
lim 166- | 147- 60.20- 53.30- 6+ (1) 1-6 0-6
335 314 5554 519.8 8+ (1)

Note. n - sample size; X - arithmetic mean; SD - standard deviation; mx - standard error of the mean;
lim - variation in values; Q - female; &' - male; juv. - immature; ind. - fish individual.

The concentration of 0.15-5.00 mm plastic particles in the investigated fish
varied between samples from 0.44 £ 0.25 items/ind. in perch from the Yenisei to
381 £ 055 in ruffe from the Ob. In our study, 62% of fish
(n = 141) contained MPs in their GIT, ranging from 18.5% of the Yenisei perch
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sample to 92.6% of the Ob ruffe sample (Table 1). In addition to more individuals
from the Ob containing MPs in their GIT compared to fish from the Yenisei, there
were statistically significant differences in MP uptake by fish of the same species
in the two rivers (Fig. 1). Ruffe caught in the Ob River ingested more particles
(p < 0.05) than ruffe caught in the Yenisei River. The GITs of the Ob samples of
dace and perch also showed a higher content of MPs (p < 0.01) than those of the
Yenisei samples. This may be a bioindication of a higher MP load in the Ob sys-
tem compared to the Yenisei, as estimated in preliminary surface water and sedi-
ment pollution studies [26-27].

The uptake and accumulation of MPs by freshwater fish has been studied
worldwide, with the two most intensively studied species being common carp
(Cyprinus carpio L., 1758) and Nile tilapia (Oreochromis niloticus L., 1758) [9].
Much less attention is paid to the fish species analysed in our study. MPs in GIT
were counted in perch from four Italian southern alpine lakes, showing that plastic
particles < 0.4 mm were present in 86% of the samples analysed (n = 80), with
mean values ranging from 1.24 = 1.04 items/ind. in Lake Como to 5.59 +
2.61 items/ind. in Lake Garda [28].

5.0 5.0 - 5.0
45 - 45 - 45
4.0 - 4.0 - 4.0
35 3.5 4 3.5 -
p<0.05 p<0.01 p<0.01
3.0 3.0 4 3.0 4

2.5 4

2.0 4

1.5 A

MPsin fish GITs, items/ind.

1.0 4

0.5 -

0.0 +

G.c.(0) G.c. (Yl L1 (0) LI(Y) Bf (0) Bf.(Y)

Fig. 1. Content of the MPs in GIT and differences in particle ingestion by fish between
the rivers, based on the Mann-Whitney U-test, significant at p <0.05 and p <0.01.
Designations (hereinafter): G.c. (O) and G.c. (Y) - G. cernua from the Ob and Yenisei rivers;
L. (O)and L.L (Y) - L. baicalensis from the Ob and Yenisei rivers; P.f. (O) and Pf. (Y) -
P. fluviatilis from the Ob and Yenisei rivers

Individuals of common dace (Leuciscus leuciscus L., 1758) from rivers and
lakes in Baden-Wiirttemberg, south-west Germany, contained no MPs in the
GITs, whereas perch and ruffe, among other freshwater fish studied, ingested par-
ticles of 899 £ 1050 pum [29]. For fish from Siberian rivers, previous studies have
only been carried out on samples of dace from tributaries of the Ob and Yenisei.
In the GIT of dace from a tributary of the Ob, the Tom River (n = 13), the content
of particles in the size range 0.15-5.00 mm was high, averaging 41.7 items/ind.
[12]. However, the quantitative analysis was preliminary and without verification
of the polymeric nature of the particles, which may account for the overestimated
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content. Another possible explanation is the use of strong acid hydrolysis of fish
GITs, which may lead to additional fragmentation of MPs and their overestima-
tion. Data on the content of MPs with confirmed polymer composition in the GIT
of Siberian dace sampled from a tributary of the Yenisei, the Nizhnyaya Tunguska
River (n = 40), have been published [13], which averaged 1.76 items/ind. and was
significantly lower (p < 0.05) than that obtained in the present study for daces
from the main river.

Patterns in the ingestion of MPs by freshwater fish are often related to individ-
ual biological traits such as body size [1]. For example, a significant correlation
between MP uptake and body length/weight (p < 0.01) was observed in fish from
the Han River, South Korea [30]. In our study, MP content in fish GIT was mod-
erately correlated with linear size (L, 1) and body weight (Q, q) in ruffe and perch
from the Ob River samples (Table 2). No significant correlation was found be-
tween fish GIT fullness and the number of MPs in the fish.

Table 2
Spearman correlation between MP ingestion
and biological parameters of the fish studied
Sample MPs-L | MPs-1 | MPs-Q | MPs-q GITI"[flzlslness I‘fgi
G. cernua, 1s=0.59 | 1s=0.66 | 1s=0.55 | rs=0.53
the Ob River, 2023 |(p <0.01)|(p <0.01)|(p < 0.05)|(p < 0.05) 1o 1o
L. baicalensis,
the Ob River, 2023 1o 1o 1o 1o 1o 1o
P. fluviatilis, 15=042 [ 15=0.40 | s=0.41 | rs=0.41 rs=0.39
the Ob River, 2023 (p <0.05)|(p <0.05)|(p <0.05)|(p <0.05) no (p<0.05)
G. cernua,
the Yenisei River, 2022 no no no no no no
L. baicalensis,
the Yenisei River, 2022 no no no no no no
P. fluviatilis, 1s =0.46
the Yenisei River, 2027 "© 1o 1o 1o 1o (p<0.05)

Note. MPs - number of MP particles in GITs, items/individual; rs - Spearman's rank correlation
coefficient, no - no significant correlation.

No significant association was observed between fish age and MP intake for
dace and ruffe samples. However, a moderate positive Spearman correlation
(p < 0.05) was found between age and MPs in the GIT for perch in both the Ob
and Yenisei samples (Table 2). Statistical comparison of MP abundance in the
GIT of fish using the non-parametric Mann-Whitney test showed no differences
between groups of males and females and between adults and juveniles. Sex has
been suggested as a possible explanation for differences in MP patterns in fresh-
water fish in several studies [31-32]. However, this is probably an artefact of body
size associated with sexual dimorphism in fish [1, 33].

Characteristics of Microplastic Found in the Gastrointestinal Tract of Fish.
The MPs found in fish GIT were diverse in their chemical structure and repre-
sented both single polymers and mixtures (Fig. 2). Of the individual polymers,
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polyethylene terephthalate (PET) was detected in all six fish samples and ac-
counted for up to 60% of all particles in Siberian dace from the Ob River. Only
ruffe and dace ingested polypropylene (PP) and acrylonitrile styrene acrylate
(ASA) microparticles in proportions of < 10%; polyacrylamide (PA) fibres and
styrene-ethylene-butylene-styrene (SEBS) MPs were detected exclusively in the
Ob ruffe and Yenisei dace, respectively (Fig. 2). Approximately 4% of the MPs
in the Yenisei ruffe were represented by a PA12-PTMG copolymer consisting of
polyamide blocks and polyether blocks, and 5.6% of the MPs in the Ob ruffe were
particles of high-density fluorinated ethylene-propylene copolymer (FEP).
A comparatively large proportion of MPs in the GIT of Yenisei ruffes, daces and
perches were identified as thermoplastic polyolefin polymethylpentene (PMP)
with the low spectral similarity of < 35%. A similar situation was observed with
particles of polymer based on industrially used polyethersulphone (PES) (Fig. 2).
The problem of identifying MPs was previously highlighted by Galafassi et al.
[28], who observed that 43% of plastic particles from perch GITs were highly
degraded, making it impossible to identify them down to the polymer type. The
authors characterised the polymer composition of such MPs using the terms ‘ali-
phatic polymers’ and ‘aromatic polymers’ based on narrow and intense infrared
peaks in the aromatic and aliphatic C-H stretching region (2800-3150 cm™).
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Fig. 2. Polymer structure of the MPs detected in the GITs of fish from the Ob
and Yenisei rivers based on the results of the pRaman identification

In terms of morphology, the majority of the MPs from GITs were fibers, which
accounted for up to 99.7% in 51 perch individuals from two rivers (Fig. 3a). The
proportion of fragments was higher in ruffe, reaching 22.7% of the total number
of MPs; spheres and films were found exclusively in dace and ruffe, with a pro-
portion of 3.7% and 1.2% respectively. Based on the meta-analysis of plastics
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ingested by fish worldwide, fibers were the most common MPs ingested by fish,
with a relative abundance of about 72% [34]. Otherwise, more than half of all
MPs detected in the GITs of freshwater fish in rivers and lakes of south-west Ger-
many were irregularly shaped fragments, followed by fibers, which accounted for
almost 40% [29]. Plastic films and spheres were rare, similar to the results ob-
tained for Siberian fish in the current study.

In the literature, MPs have been divided into two groups called ‘small micro-
plastics’ (< 1 mm) and ‘large microplastics’ (1-5 mm) [35]. Of the studies that re-
ported the size of MP ingested by fish globally, 74% found small particles to be the
as the predominant size class [34]. The maximum content of the smallest particles
of 0.15-0.30 mm (37%) was found in the GITs of omnivorous dace from Siberian
rivers; ‘large’ MPs of 1.00-5.00 mm were relatively more abundant in benthivorous
ruffe, accounting for up to 67% of the MP number (fig. 3b). However, the Kruskal-
Wallis test showed no preference for MPs of different shapes and sizes among the
three fish species (p > 0.05).

Microplastic Ingestion by Fish with Different Feeding Habits. The level of MP
ingestion was dependent on the feeding habits of the fish species, with a signifi-
cant decrease in the raw benthivorous ruffe — omnivorous dace — hunting perch in
two Siberian rivers (p < 0.01) (Fig. 4). It is thought that predatory or fish-eating
fish are more vulnerable to MP consumption than fish with a different feeding
strategy [36], but published data are inconsistent. Other studies support our find-
ings on the minimum MP consumption by perch, the only fish analysed with the
smaller fish found in GIT. For example, a study of MP uptake by freshwater fish
in southwest Germany shows a significantly lower particle loads in piscivorous
fish than in lower trophic groups [29].
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Fig. 3. Distribution of MP shapes (a) and sizes (b) in the GITs
of fish from the Ob and Yenisei rivers
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Fig. 4. MP ingestion by fish with different feeding habits, significant
at p <0.01 based on the Kruskal-Wallis H-test

Previously, omnivorous fish were shown to have higher levels of MPs in their
GIT (namely, fibers) than herbivores and carnivores [37]. Other research has
shown that omnivorous and insectivorous fish contain more MPs than carnivorous
and herbivorous fish [30]. In the current study, the MP content in the GIT of ruffe
and perch, both carnivorous fish, was significantly different (p < 0.01), showing
that not only the feeding type influences particle uptake but also the feeding be-
haviour and living habitat. As bottom sediments are a sink for MPs, demersal and
benthic fish are likely to be more exposed to MPs than pelagic species, which has
been shown in many studies for freshwater fish as reviewed by Collard et al. [36].
We detected the highest particle content in the GIT of benthivorous ruffe in the
Ob and Yenisei rivers compared to two other fish species with different feeding
habits (p < 0.01). This may be related to the release of MP deposited on the surface
and inside sediments during ruffe feeding, supporting previous findings.

Conclusions

It has been shown that wild freshwater fish in the Ob and Yenisei rivers ingest
MPs. Quantitative analysis coupled with pRaman spectroscopy revealed that 62%
of the fish studied (n = 141) in two Siberian rivers contained MPs of 0.15-5.00
mm in their GIT, ranging from 18.5% of Yenisei perch to 92.6% of Ob ruffe. MP
content in fish GIT varied between samples from 0.44 £ 0.25 items/individual in
perch from the Yenisei to 3.81 + 0.55 in ruffe from the Ob. The ingestion of MPs
depended on the feeding habits of the fish species (p < 0.01), e.g. benthivorous
ruffe > omnivorous dace > hunting perch, which was true for both rivers. Most of
the ingested particles were fibers (up to 99.7% in the GITs of perch). The maxi-
mum content of the smallest particles of 0.15-0.30 mm was found in the GITs of
omnivorous dace from Siberian rivers, but ‘large” MPs of 1.00-5.00 mm were
relatively more abundant in ruffe. However, there was no significant preference
for MPs of different shapes and sizes among the three fish species.
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All three fish species samples caught in the Ob River ingested significantly

more particles (p < 0.05) compared to the Yenisei River, which may indicate a
higher MP load in the Ob system compared to the Yenisei. At the same time, the
consumption of MPs by different fish species differed significantly in each of the
rivers. The data may be useful for the selection of fish species for bioindication
of plastic pollution in Siberian rivers in the future.
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