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Abstract

Pl astic pollutiwvpaet iusnudee r @it amallmpigcsod o,nt ®r gani s
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ol yet Phapgel ypr dPFil re nkeatvdomrmpart ments. Vari abi
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As part of a systematic review of ldwWwnscien
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strains of Dbacteria capable of degrading pl as
on pl astic bi odegradati on predomi nantly cent
vari Motre®owvegarding biodegradation exlpaegtiimesnts
shoul d untdreeragtomepnrte, such as UV irradiation, t o«
condileatofhesey al so highlight the | ack of standa
and the neteedr mi osrt uldoinegs .

A prelismiuvmays yc edd wat bi odegrading different p

carbon environment using activated sludge fro
(WWTP). After two months, scanning electron m
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Thisd udgnfirmed the inhibitory effect of PET o
zone
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bacterial aaiucodaleicalb oimasspre coinf i c( GLRR)ttr antoet o n
mi cr dbioamass @¢tPCyi vy (ETSA).

The knowledge acquired during this work enha
at |l ocal and global scales and its significan
role in global nutrienengychbihmgewedlyi mal Soedhw
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the spatial variability within the hyporheic zon
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Povzetek
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Chapter 1

Int roduction

Water is one of the most essent i thglnasteutr al r
we-bkeing. Moreover, water supports an array of
many or gsapnei nsdnesaastt la part of Chesequertel ycgy cfl re
ecosystems are onewof |l divbdwmopt oekgdebkowadtearbl e v
f oirr ri giandusnt,r i al processes pfewgr ,depheedtripcm dy

constrast wei)] a st rfaancaiplb{Mbaztoirn get ; vad n , Re2e0sl 8e t a
20p1

When fully functional ,crfirteischalaiteogy ®cosny sti gma:
three i nterlinkerdecmwlgaan estealr ybycrtitsees Uni t ed Na
Programme (UNEP): climateecbahge| osatunadapdll

(UNEP, )2mes2pprte@evi ding cruci al S e rbveiicnegs, tsiuecdh te
provisioning (dr igneknientgi cwarteesrd wrf doawsd)t ,e rreqgull attii o

control, di sease mitigati am,d waeatsdre wau &Iri tty ema
cul tur al services (recaeapiointualtabhdebpbmemt )
services like soil f oDmaitliyo ne ta R&li .chhuexXP&Aht , c 2
freshwater ecads yiditugeknst oar ant hr opoignecnliucdi agt itvhi
modi ficati on, degradation and ©ObDvegmeptattahi a
water and sedi ment s, c (VY amad £marhtayn gee i adnlde tp od 10 u,
2019

Rivers and streams are hifglelsyhiwehdeami c sapdoht

l'ife in and around t henvalyoorpgarnvii dmisag,( bhfeadoni g ira, t
protozoaasfladha)y.a, They are tightdoatccommeerctt eldy
the Dbidireaamoivemeimtwhatree @amensad®dBLs et) al ., z
Longitwdtanl fl ows down the channel , vertical
underl ying sedi meaxttsr canm dt hl ea t reiiada rdiya; il ®z8e98 e &
Hol mes), Tae6fourth di mendiiagnlriesvhdiecphemm dtehnepor a
or gaminggrmenomenon beiagdanveasanpggafedm the tim
observe a behtwo hteiumal neddaad ef or @MaoIldy ).ilEBBr y

Becauseers anaretaoeamesct feai r surroundings,

susceptlidne damdhaswademant hr opd@lemmpacotactgtvi aly. ,
Structur al changes in river ecosystems are ir



2 Chapter 1. Introduction

di scharge, i nput s of
matter, nut rxiieent s and
LATERAL LONGITUDINAL poll utants (both poin
no-poisndud),cdsanges in
surface and subsurf
hydrol ogy and geomorph
(i .e., clogging) and ¢
bi ol ogical communi t
(Cl apcott ;e&Ktocahl .e;t 2012
al . ,;Sa2088a eckova et
Behaviorulekﬂ%Ewluﬁonury al . ,). 2&68%1 changes (i.e.
response SCALE change various abbbobbttcc and
componentne)tuyrn
Ao deter mi ne ecosyste
gm . . .
El'5 f uncitnigounc he caosl ogi c al
53 procesusdmeatsabol i s m,
organic matter decompo
VERTICAL ancbrima_rysean_ddary
productoinomsschiller et a
20017
A majorssue regarding
Figakmeée fHomensional conce freshwatesystems i s
( Warld,89) . pol l utionermgr gniemmg vy
pol | ugwmnhtmsacsa a d
nanopl(E&EetidMesir ano etAwila ,et2 AI5I-Aasd2®kIs7 et; al . | 2 0]
Gigault eWagher &00L08mbeerrus, o R02M@BH9 et ;@éra 1020
al . ,;Man2n® et ;8Mong 202,&lang 202,&i Ll ol @020t al ., 2

Yang et ;Bank &0Rdn,LasHACE@G2t0e212l o n; Zeita mil .et). 2a0l12.2, 202
Mi croplastics (MPs) ar eofby mtnh eotri cl epsosl yinrer s ipaeg.t i
typically distinguished as primary and seconda
intentionally, usually as raw materiealsonfadr pl a
care product s, and often enter the environment
accident alAl red eatsesebpndary MP s restuilan famdn t he
fragment at iploas toifc |iatregms, spuacdk aagsi nlgottrdat gegsrl iesar &

construction mater (HildsaR egmod e t y pWa. | adbsec@hdl Pogne r et al
2020

Thmaj ority of pl astvieasy @& d dRs adidagriaodne r at e dep

on physical factors such as Uv | ight exposur e
temper(laujasi ¢ ¢.t latl .al s200 2dlebp e n d sspare stemd minc rt daer |
surriomgd environment . Consequently, degradati on
terrestrial, freshwater and marine environments
(Kyri kou & Br jHhsmeowdlils ,pt20a017., 2009

Fr ewdnt er ecosystemsc airecagpmown of opl astic particl
pl astic debris, microplastics, and nanoplastics)

transport {(Loe btrhedadnc,ee&€80ET ant eWamd .et 28I12.0, 2021
Whenever a plasttihenparonomeepeanddertgsoc ot only ph
f acteorge mpaet ure, UV |Ihwthtatl Edi rassggiieeer mi ck et al .,
20Mc Cor mi ck geRunane.l, e2tOPlabr r | shO R7F®INY Ehé el @t ter

can clmemcer nimlgasstiincceparti cdeersriteariodct hemi caal s

pat ho@eman(Shmh et ;dlhomp2668 etWwml et 210.12 2019b
Mor eo WMBsrc,an i mpact ecosystem processes in fresl
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bi ogeochemi ¢alki nogclpé ace tihmatt ae e steldaiivoerma bsh ya |
commuriBatyt i n efSeaell.ey 2e0t¥ Baul .e,t 2a0WA 8,g a2&0t2,0 2021
Yang et )alHoweRMEol, | ut i omei a momlgyemwss It €ge.s 4 arngd (
use <changes, temperatureandcmadseéerentaffie@tirsg
structur al and functional charact @Woirdgt iects adf. |
20 1l8emm et JaGi.verOtear chi ng t hr eatheafe dlsi matne
for fueddtachai n mdedresttteenrdiung of how freshwate
to MP pollution undecowairt iournss eawvd r rmounimeinpla¢ s

1.1 The Hyporheic Zone and Freshwater Biofilms

1.1.1 The hyporheic zone

Sever al freshwat ec|Ousdihregha h st( 1 HyYyhes 2JUL®) 5)
Dani el op,0Slit anf»%&) and, BWadd ol @8 8Nall hol(lldmldR ) et
(1997a@idbert et,haMmec(edgdn7he exi stence of a tr
type within river ecosystems that connects surt
known as the hypbgaR8&eieac dzyonnaemi(cHZ,wat ene whéreen

bi ot a, and other materials a
surface water &Bnodu | g o u nedtw ad le
20L0 It extends vertically an
ri smerchannel |, serving as a z

The HZ shares similarinties a
groundwdt sur Baovehi Weat eerx hi bi ti
someni que fTeaabtllyetTdree Ghypor hei c

infiltration zone i Bemarticu
sedi ments act als, paydiliadl, o@i
filters for compounds, part.
S and organisms from the sur
filtration process signific
Fi g@rkeyporheic z quall_ty and .qua.ntity of ad,]j
(Harvey & Go.oseff(orgh.ldan’ ;IVRISI 9, i a B 1 Oe;t al .,
Battin ex al., 2016
Tabllle Compari son of physical, chemical and

groundwhheyepror hei ¢ zone andKrsaiusfeacetZimamtue, e t2 0alfllt ¢
20 1Dlebel j 9.k, 2018
Characteristics |GroundwateHyporzbeiec Sur facre wat

PHYSI CAL
CHARACTERI STI CS:

Light Constant c¢Constant diDaylight f
Current velocitylLow I nter medi atHi gh
Annual and dai fVery | ow Low Hi gh

range

Substrate stabil]JHi gh I ntermedi atLow
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Gradient of phydqLow Steep Steep
parameters

CHEMI CAL
CHARACTERI STI CS:

Amount of organijLow Hi gh I ntermedi at
Amount of dissolJLow I nter medi atHi gh
Amount of nutrielLow Hi gh I ntermedi at

Bl OLOGI CAL
CHARACTERI STI CS:

Habitat diversitjLow I nter medi atHi gh

Food webs Simple anclntermedi atiCompl ex and
Productivity Low I nter medi altHi gh

The sith®@Zofis didduidcad tthapoat ¢ mpvraali ability of [
boundaries. The interaction between surface stre
with the geomor phadlicoognyt rd fb utt lees 1t idB @uhl,itso nv aerti aabli.l,i
1998 I n certain instances, such as river channel s
only a&zeheiwmetHoeever, i n | ar gber orhitlweord ps m$ nemsanwi
sandy/ al l uviialans elxdtemnat esertically by several me t
sever al [Sitlammmedtrrde s& ; Marmr g nileér8 8eHu cakls. ,Salwy%e2r et al
200@hen, ;L2pwWlort h e$tallzer 201 1al . , 2011

The vertical dimension of the HZ ustumafl oeaced
in surface water | evel, flow velocity, groundwat
affect subsurface flow paths. However, the upper
ri vesswrdiflaewandowski )etUnadler,stathd9 ng the tempor a
groundwater flow and its interaction with surfac
cri thiiogleochemi cal processes |ike nitrification
recharge, for exampl e, results in shorter resi
bi odegradati on of (Torrigaakd cet anld.aymiyle®NnNFE s al ., 2010

The relationships between the volumes and resi
ompartment olofgitclae kydd e are siigmpilfibcnaastnf obecau:
he vulnerability of water texadarmEsdpeneri ¢ i pmelsl,
uch as glaciers or groundwaetreiro d sceatnh afesteatirnc @ ol |
f pollution Hag tbheamarledmotsieame ssproewddy i n syst ems
om@si dencestui fseusbgs tianmmbiualkt s obkemptoédiumn@ant he syst e
efore the problem is detected (Closs et al., 20
Hyporheic prhoegosesiimadde raasct ipdrnyss iacnadngdc he mi c al
bi ol ogicd&li gl@yseteimssti, t heoppytstiseead e slyddgijeam| st r uc
which suppoesses hecpumori ngvhuiywaene an,dmali tedniem giyt
flaowmto and out ofartehet hkZ .c h®eenxcacrmdns and transf
occurring witasttihpechel g cahdaeing 4 € s goarng asmisc

mat taenrd, t haicr i iomteelrat d vas di p.2 016

Both physical ampl afjemi ccalucsymwdteml e in establ
ormgiaswst h the physicalphlysitean ptrbbbiidaéenngaddadle syst e
det ermi kieygchleeni cakForoinmatea paey,sitc al and chemical
i nt eryacdonttrmel leixmdhange f | uxhedtf ewanthieh db eed wiele n
residence time of water within the HZ.

Al ternatively, bi ot a, whet her per manently or t
al tietrsurf ace and subsurface structure through t

c
t
S
0
I
b
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Mi crobially medi at ed aldismgreod cvlee mind alr art d wenss ek
and biological systems, as primary and second
and minor nutrieAbhsewampl| matohreatlBE € stail ocnm ni d
spawning in the Hdcé¢btosiogesaw)t hwhpweal-1 i ng c
oxygenated (chemical) water. Undessesnhtandi ngf o
compr ehkywgomigei cWprdcg26es$

// Chemical \

y functions \

Complete
hyporheic
function

Physical habitat

Phys_lcal (dlisturbance) Blologlcal
functions functions
Modification o

<€

. & sub. structure

Fi gwBr@hart s hewiingt etr act coemi dbaelt wephysical an
functi Adaptwdr dr @:M016)

ThHEZi s a halki datvewher afo mmugextiiissargs ¢ r @ anrs gnas
tonvert @brrgdhtiaddsan, ;ROBONRLt @O 0&). Waldndg,hh2sOulrOf ace al
oft hitds sedi mencear prmatdes habitats for wvari ous

protection to invertebrate and biofilm commun,i
and high discharge. Food for biota is provide
and carryiesg opamntrig@ani ¢ materi al and nutrients
Resident ani mal s ar ed adiotrtrserord enircirto bvioarle sh e ty

photowmaudophic organisms are | acking sitnhcee pho
absenf sufCllioglst et). adntye®Rr0dtOles in theylHZc@hypor
stygoxenes, stygophiles and stya@aehkii adreftnignadl $tyy g
themsehvebe HZ and have no affinities with gr
part of their divet eirniaonhdd eanigel bwd@ en ngtsy gaonbdi o
stygoxenes. Stygobionts, i n dadavretll a tg, oargea ns [ser
exclusively inhabit groundwater environments
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reducti on ooff ebyoedsy, pliogsnse nt |, reduced size, and
condi(Gi best ex al ., 19914

Mi croorganisms are wusually attddcledprtodi sedj me
mei of auna and mabrmnoi hvekréepobakrerspwoet be sedi ment
occupying the interstitial. sTptaicgeesr saemocnogmnsuend itnye n
organi sms plays a critical rol @ewantdlbmevs&d oled giad a
2019

Because the HZ pl aysws ascdleiamii anlg rpaloec aisrb gadirni v er
thei waelri @Addi tionally, it is one of the system
profoundl y cilmpmactteéQic gbhyn da n, ; Al19bLs Lt I. i, amd 10

et al;Law2@®@hG@e eBatatli.n tHda3li. et2.REG ardiDihrBat e
chanigte,is crucial to acknowl edge vtelme tdlagbalt gisgtii
i colEddwar dson ttamper2ad®o @3 andCawioph cea}lF estt.r,e a2nis0 3
exampl e thiyedrkwa ogi cal, chemical, and ecol ogi cal
in extreme climate conditions sucHowedsvsepretmper at ur
i tss gni ficance, research ont hdierfoenc ebsieonfciel no ff um cctriol
i s | akcoku akgh. g wl allgneit cr obi al ly drtih&€nda g3 ®teisadles i n
ensuring good ecol ogical status Aef thievermsneand miee
comprehensive understanding of these processes h
in bioremediation

1.1.2 Freshwater biofilms

Freshwater bi esfei,| mms mprl e xa gdiovaepa ,o0 fa | bgaacet, e rpirao,t oazr«
anfdunign ,associfamreganwict And i rearbgeamiead @ ar teixdIlreas el
mat (Glxoss eltpBattin26tPeanlesyaz2n0 1g6t Tahey, g2rO0c2vi on any
surface within a streéém,osws wa)daid. mearkaOnd tidgn s ii any
ag hieni ti al bi swvitcthisntlkerdcsubsatrat e@oieh | @gqumatitc e
al . ,) Rhelyy al s oameespreqpsada ratl hdefo o d (Avkelbar i et), al ., 201
serving as fhiogh shoidicerveeg ©omganiisvmesr, t eshurceht eass and f
(Hoel l ein )eFuratthegt Mabrbed | ude di ver se mibdr ghkait &l par
mut uadndmcan exhibit charactiesimstissclhfasiudivicei

wor(kl emmi ng & WkRemtezsya?ROBHIBi atlti | m20&@8é&neficial, f
example, when used to remove organi(Ehtempo&nds d
Turner), BOWwever, they can be probl emati-c, when t
made systems, such as drinKkhbhagnwatrr @OdTZri butio
The | ife chyiocolfed [of c & mMpmiiisMges S thaegvekso si bl e att ach
irreversible attlachman-tit atmadmmnr r.aius@gmmmgs isamge one
cells attwachmdcdhmre¢é ot § avail ablei sumivaasiheldyec el | s,
whi ch have r edruoccdeudc emobbiidfiitlym mpatri X component s,
cell & heenomoundi ng Saunota Irlo naesnga mbl ages are sever al
beginning and eenbbieodfdieldm imma ttrhax d( rhabtrcunroantoil oonn i le)s
(maturatiofnall ¥y) mabeyed, spersecmbti hggrebhseandwl
spread anadin secwlumsf or new bi of hé mefiidsematei drh.atHo
not all biofil MPeaesgah edawdn {atg.oRI11. , 2022

There are four main advantages of bacteria fo
pl anktonJdef fergen, 2004
1. DefeBcefil messheesttrpbysi cal f orncge snutwiitehnstt a n c
deprivation, pH changes, oxygen radical s, di
phagocghgdsosection from protozoa grazing
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2.Biofilrmsalkiflfiory itrfeawaonarianbl e habitat (

as a mechanism tion ra mfaawno jag & lddhedi cuthnean b o

a@anutr-iieaht and st alplreo vaahdeiaifooarmeat ge number

commensal s, manya s fbiwdfiiclhms xi st

3.Livingi mntheraanct i veal en@rmam rgiatnyi sarnsatrdea n

met a bboulrindce t r ans f eenxdpgreensess ui st i.c behaviour

4.1 n tehfeaud t moagoet,er i a gr own tphlea nl katboonriactaolr

havet redult ri ent s thlueay trheesd may not be the ca
Freshwater biofahimgh vevalty baveperational

di ver se asaramtednedg ebsacaferi a, fungi, and al gae (
di verse metabahidc hcghalkink WRiareaci aettB astittiyn 260 8
al sL2WwhABdowski). etnabentd2d0t9and hyporheic bio
bacterial spect leRsr oatreeo meecntbeerrisa q@anydl éAe@fi dwhiach er
i ncldudveggrrsaeme gati ve Ababtlemomey in specialised a
met hanageehiae aanoxi GWNapgoeketes$s;Battjn2eiHoaul .e,t 201
al

. ,;S2@bhki ewi czGaeot eatl .Jal .2,0 2200 2 2

Tk highly diverse microbial community compo
with geographic distancs naned viisr oshunsecnet patli bcloen dti
temperatur e, pH, conBeice¢i vetZXhamg &DY&libeuntt 302
also anthropogeaicaadi slt;Wanbhlhhea )alln OB, pr o
mei of,amdaot her hyporheos inhabitingn talcd isvtirteyal
by grazing and bi oturbati(bgwanhdeo wlskpodehtei al .s,
Hyporheic biofil ms, atttacmiedaldlbyy sedé ment o shuy
chemoltirophs émbpadtasadr i de (Glaatrreitx e;tRoanla.n,i 99 & |
1998l oss etBattin28l0dhey 20h@birti cbho,t hr enduutcrii negn
sedi meadn st repentt , oxi di zi niYr aHuBstes ad ). meTrihtGesy7 al s o
ef filgyi eurptt ake, I mmobot gaei anslubstascde®s mvhil e p
the stream(Cdoammruni& yrFonptvieille, 1997

The devel opment and activityedly héem&edt t @p i
gualgqguagntaintdytt het of@acsuch as water exchange ar
RecenHdhne et dlemofOranbidyitthhei mttenuate tra
compouSnudeghr ocessesurring in the H&Zrkennodvndrtiov ebne
i nfnlceed by antkescepoegéhhbAvilpiggotfd e musaedf ascti onal
indi odt ohose(Bpuée sgomr eBabatin ®HES&lev,ez2®t al .,

Overalrlobimilc orgamrmirsims abl ayl a in pri mary p |
breakdown and recyclingClods dgnad teBa tatlisn a@itd0Oanlu.t,r
Akbari e} dlheyl aa06doimpanents of the global bio
of carbon, nitrogen and phosphorous and for
transforming a broad r aanngde torfa crew tap iga@mdss r ip ol |
et al; Robz201t% & Cbewendo@®kB). et al., 2019
1.2 Freshwater Plastic Pollution

Pl asti cs, as a gener al ter m, encompasses a \
primarily dewiemedvabtemresourcesdatuchalasgeasaad
procewssiealgrange of chemi cadl yane d mp irrvespee.at Tngs e
monomers | inked by strong covalent bonds, for

vary from everyday items | i ke plastic bags an
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andonstrmat eminal s. Pl astghct wies gttt £ @ bnvl & dhya Nl ebonmd
products(bop eweslIt] pNoratlh ,& 2Hapl9den, 2013

Gl obal pl astic production in 2020 reached 367
(EU) accounting for 55 million tonnes. I n the EL
wer e packalguinlgdirambgdnstr ucti on, accounting for 4
respedRliavsetliycs Eur ape, f202312 plastic made from syn
Bakelite, devel oped by Leo Baeketawpdarisa Nawel¥or k
(Roncone ZappalsodaQO07there are over 22 d maj or ty
wor |l dwi de, including Polypropylene (PP), Pol yetl
and Polyethylene TldopeWwWéehhl| aNermi{ PEZR2BAPBden, 201
Pl asti csEuUur ddpec,onstexjie¢e dlespofkad usdéboffepebygmensd i
| arageo saf pl asti c wastteeha@anan\piardnmeé rets. i n

The magwmrces pdl Ilpdtrasacamh cuseefo] dpefsonal care pro
fibres releaskd idudusntgr ¥y aamad r ¢ cen sgt.r, u ctiyijroen ,a btrraasni s
and ports (shipping, fishing), littering (mispl
(mulching of plastic covers, sspWail dastcihdragefr WWT
al . ,). NMdDs2t0 pl astic waste ends up in the marine en
river s, coast al waste, rliogger #Meslg@anoamrd. aé¢l i b rod
Oncien t heg omment, due to weathering, |l arger plast.
which does not €Cpnzsleqbdept bgat comMebr plsasanidc fr aghn
pieces accumuanradeaentmaeanheamaddrtosbsnatural environmen
Pri mdPy are intentional lays pirmdpusaterdi,jiaclf ogre seéxnampll d
(raw materi al for remelting amdd mbuladkiinvg ipmtrd ifc
(mi crobeadpse)r sonal care product s, whitlke seconda
fragnm ati on of di sp$aicencd ahdeircelfasnt i Bolicy by
Wal dschl age;ryaetg elt.),&RIe2s0i2n®@ @ 2uls|dabtcsa uasree t hey are ea

to trangwimidce obenpdo®ve stability and act as repl a
such as wal nut s hel[Wasgnecerr a&c tLiamddtebrd s, ¢ B2F0BlgBar et al
2020 Sources of secondary MP in themehwawiumamment ¢
city dustu,l taug al foiabsasMPaufsedmatthnmgdae marine i n
and p &WNamgtnser & LamBerenceO0OA8vice for Policy by

Wal dschl adager). eBetad mar y20&20®d stehcroenadeaernye sMR i al and
aquatic ebDBmisysetemal ., 2015b

Mi croplastic particlebsysiaze, ushapeéy (Chmgacaedis
et al)., The2tiefinition ofi nMBnize mdsdadeomatrhe crhax

sampling mesh ofi Imeedhe tgesrendi noefs tthhee Swinmmei mtwom si z e
mi croplastic as apdr ba mphaerst «btglmewsese nn dn(@ipd aslt i c

et al )., Ax01@l asti c i s an umbr el Itahethemmc abr Sy r
compositthi@asiics cr icthemriaanaepfloazgptmigc arcd ei s typically
det er mis nFAadu rtirearnsf or m i nfr @Maded aspe&€ctgtosadopy 2021b
Mi cracspli ¢ parti cl esphierrcull vedse ferlalgentesn,t s, f oam, '
(Hi daRuwzo et Jal The28h2pe of aipairghtbeioadon ptevbde

instance, fragments are typically produced throu
producAts the fameous mparticledocamexbel eér wastiewa
effluents from shredesdrell etats eadn &l us y mtgh evtaisd i fnigb ro

wear and ftiesahri nsgn dghe @atss . Both fragments and fibr
mi staken for food and i nge ¢$Egebde obcyh av aeGih ead g ,a g2udalt 8i
et al )., FoBaxs ®ne associated with products 1|ike
materials, while films represent thin plastic ma
and films can accumul ate on the water sur f ace,
exchangel 9Pephéritcaare typically wused in plastic
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mi splaced during prodruachrieomf eolrd; Yeata gaslp.o,r, 820 ] D 2
Matgiac et )al ., 2023
Freshwater (surf aMRsarmaedpiisiema melny s PPmoasntd PE

abundant in areas with dense hmamawmhyiatca i amd i e
transparent fibres,n sgWilazheg e et t favhaan,gl 2eBaithlal . | 2 C
Mi cropt ameviacrsi ous calraumrsp.arbfeamdenttoo red, yell ow
antdl ackMore <col ourful particles are more |ike

(Ber gl und glLtopaels. ,etpOalANddi 20@0ally, baseds on col
can be drdtercarefdel d )etHoaweasv, ewczed Dar perception
subj ectsi vaer,e MPy piicalol wr resaatrstpeddl ack, white and c

(Lu et aYang 202 )al . , 2021

Because of their small size and often | ow de
are susceptible to erBulalianrnde ne)t Paald.i ¢t ra@2pamnt
transported over |l ong di(Evangetijoeyehbsucth. rasth©

glaciers of th@ha@anbeea) aPlhet @@ Yymann et al .,
and aeabewlel anet ary b dRonndza®llye il tag/reret Halweyv e2Q21 h
exi stensien our bMaPn and arlubreaeln adreenaofd rshitasad te dal . , 2
Zhang et )alFr,e @ue2mithl vy det ect edsasde@lpersi odl ap amots
(roadtgust abrasion and pai ntDrpiasr teitc Zdela.h,g a2a0dl 7t
al ., ),20pb2u0tb ivgamriyfiinc acnhtelnyi cal composit {Zdohmngv et di
al ., )MOE2Obplastics cam alkmobh pe @dca pd@skeiatgenda n n

et al)s,i n@dPet@n adherdeg otpe raaid ent(Xr ai et aatl. wate
Ganguly and SArd weadMPROW ®yd fdf ibeei ent c¢cl oud i ce nL

sever al studies confirmed freshwateas ¢&bDf bet s
thaan | ast for hdriss adtt o ntcheelk v axtit aaét , a0l
2020 Further, sthasmwademr rreinodgsfd sreae asf aMABnag olr |
(Pi AiCGal in etTaéi || &9 2Wdr mad ws k i2 O)@tlo aatl . g f 2wRilc h d

not receive any trawbamendpibicdfodrien redlacali.ng 2020
MP pol If utoimoblaasnedd sour ces atcewanudrat s e adtnmewnats
( WWT P) . These arpoicnotnstdariengkolal ut ant s and a

envir otZnmeanjtashr omi ; Keotv aaCl .V,i r2s0elk6 eAtl talo.u,gh2 Wwla’s t e
treat ment plants are highl9y7 &4 fiinc iVWTtP iwi trhe no
treat menthe contamination of aquaue chleicplsy st e
vol ume of effluGonwvse,r et¢llecepn eMPdi dadl yn t he WWTP
sewage sludge, which can themebei apphhedash =8
into sur f(ere eaevtat)elrs, 20109

Theosmt commonly detected plasti cegtodrl u(t RBS)s,
PE, PET and polyamide (PA), withA pirbmasyasotih
of MP f i breisnfilna@dWNTdPr e s Bwavtassrths ng ma@Phiana, ef f
2018Bun et JaAlL sMcXZOIImi ck eshalwed(2Bad)the amour
upstr etalm oWWTnP ie¢ swer dowasetr eamWWT Bdn stchhear g e
Lentic environments csagMelal sto )alesar @ udfisnek of M
MP cont ami raomt exampl e, La&kehiHmivis@dll g aldMohlgeodn a
=20.264 payticles km

| fmi cr opp arsttiicl es enter tthheei rwaftierrstdiirnetcetrlayc,t
bi osphermni cirsoMoeCso h mi ck eHoealll.ei 2 0ecBli aBlhawv@® 017
receinhndtyoducedram)| aswowphhewé endi Y ®r se communit
heterotrbopbphsaupoedators and symbioet debol ke
mul tiple | ocations (Zien ttl ke N.dH cledlv. At ¢200LEr m o n |
applies when there are distinct mi crobi al colt
other substrates i 6Obhgubeckmamn\vBetodehid tetm&(Q 18) .
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attachment of cnamaneo ggaritogshtey et e yofalma ctsi ¢
particl eadanmcr rierasa psardteircslicet » detchh ebiameg ainc y
caussendyi menRamme®In et ; Milao, e2t0 a7l .S,etp2alr2tliac | es can

i nf il tr aitnets@ddeienpeclre € ormeu s peedndder BStLtowngendition
dependi ntpyam orliogggr and geomor phol ogyverAgdo wt lonal |
depends ooft pHKRaryrpiesh & Fahrenfeld, 2019
Research onpolrleusthivoant ewmintdhPsphastitess significanc
ecosystemiproedced hdspmajuwrst her issvesti.freteide
exampelwe ,stfudi ey ets daitddthgea ¢ pantpiod al MBppoelcltust ioofn acr oss
di fferen(te. gcal ecsat hment scabDeyvel ogprianmyaeady Mo | ogi c a
sampling and pr occersistiimcgalps o rcsetduudeye iscaddfBmd miog o n

& ChangViaoakri et al ., 2022

Whil e MP pollution is a hstguhdiye s ed wervraenntt Ity parco v
data about groawmnmddwaadteeri .ve&r | & b sont dhtetr e nwtait oenr bodi e
because contyanapnpaetaironl entae € MPe pto |l buatthieo nHZ

and HZofhadsmsyet taqg kkeent uhidggdyh at lce ugl abak ol e i
bi ogeochemical cycl es. Conseguemariaygarad i snigg ntihfei c
i mpact of plastic presence on these cycl es.
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Research Aims and H ypothesis

Despite the significancesoafrcpsot ooMfdvtadrer ared 0 s
habitats for diverse ortglempsantst, tohuart umidcerrospt!aans
have on river and riverbed sedi ment biota and
compared to marine envi roofn memft e hiswmnargciess , a
concentrations, transport patbwgiagalpf eMsc bs me
freshwater. d&utrthteuddoanse famsMRvat er have been c
and t he USaA,s ilgenkiwfbiachapralfigolrur o p e

My research addibry spresyv it diersge higragpiagthttesr nisn taon d  t
MP pollution in setbleitedddi oveni ah divleersent p
andi odegrpdaenonal of , micol @ pgamicems e s on d
pl astics, and the i hy%¥ paebhieoefciofm PBT ufcitaunrdes aonnd
on freshwater ecoIhesemfpndcaeagsesare cruci al
strategies to mitigat e |tahset iecn vpiorlo numeinotna lo ni nfiprae
and their ecosystem services, such as water p

Theri mary ommyRltbDhdseiass o o mtnadienpt h under standi
the interactions bet ween ipblhaes thiycpso rdhoedc & ir z2eesehew a |
t hyilsf i rst i nMRspiogaruedboa shall ow amydpxoprbhoeriec z «
colonizatiofmi pabbegasi sms on the & ebleetctteerd p |
under stiahdodédiger adat.i ohmipspot e odftiady es ala&a o i ncl
systematic | iteraliumienarew i €xwp ecnmoidmmeonnt sp |liamswoil cv i
mi croorfamaaomsmeavily burdened environments (ac

The second partnoebhsgbdssesgatpdblsitmpa ptol dh

hyporheic bdofiémsingommeent.al TRiosrdti dslonisnvol ved
field and | aborlan of yelrgpeir mmanhs .nRETff it three smo
common MP pol lhwthaetrs,i wef etelmeeasp omncleg mddi diec

bi oftidlini f erent environmendial f ee@ompmén dlonsc alnal ac
This study is among the first to address n
environments but also to investrgatgamnihemgs ets

presence of pmThetifd ndolphgotvisdhrvwalldiabimakeos de
responsi bl e for protecting freshwater and th
healthy envir onerfefndc tiisvenoamedrceofsétd icateindont ha
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2.1 Specific Aims

The specific aims of my PhD Thesis are:

2.2

W

T Understanding pdlel stciad e off tMPe hypor heic

Sl ovenian rivers

f Expl otrhiengr el ati onships between freshwater
subssrate

T Inveatigg the mechani smheEegfr aplatt @ otni a | pl as
T Anal ytshiengcol oni zati on pmamieasn so fa ntdh es ehayspoonral
bi offiulnmtioanitimg@ pr esencepmwal pHETafrd \bele sbddc, a

T Assessing thedispand ibtgp mp b e ane $Htiwrdall m

and functi ontad trbees ppmes ence of diPsEtTi n€t br es

ecohydrol ogi cal r egriad ipsi n(eg. g. , karstic and
T I'nvestigating the impact of the presence
bi of il m stfrumcctturoen aunndder si muliabhgonswageant eg

and unsaturated)

Hypothesis

.MPs ar e praesgeenrt gqgunahyporé@seicnzohe of river re

to WWTP effl meinmpadtheach ri ver reaches.

.Bi of iflomgwend di fpflearseentc types wil/l |l i kely cont a

bi odegradi nhgapobieafibim not exposed to plastioc

.Thpresence of PET ffuinerte oni mhli hiytporthlee ¢ bi of i
.Seasonal dynamics in hyporheic binefiylemrstruc

di ffer when @omparticedgaPEBT PETed hyporheic envi

.The presence of PET fibreshenvthoeba boyfpioltngei c z

funcadc¢momms s sap altairogteeangloe .a |

.An increasi PEgTamobnesofin cenchbfcle@wi Oat avgndnt

conditions) wil/ have an inhibitory effect or
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iments.
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Editor: Dimitra A Lambropotlou The aquatic ecosystems of the world are highly burdened with microplastics (MPs; particles <5 mm). There is a great
need for better undelstandmg of patterns of MP pollution across catchmen(s and rivers of different sizes, anthmpo—
W ’ genic and h hological features. In this study, we i d the MP ions i
Microplastics their charactenstlcs (po\ymer type, shape, size and colour), and MP distribution in water and sediments of two
Cw;fc;:::“ﬁm hyd i ff small-scale h (< 800 km?), namely Kamni¥ka Bistrica (KB) and
e —— Liubljent (D), sl ia, The main objective of this study was to gain a better understanding of how WWTP effluents
Environmental drivers and catchment urbanisation together with the diversity of natural hyd hol affect the quantity and qual-
ity of MP pollutants in the rivers with smaller catch Significantly di mean MP ions were found
in the water columns (KB: 59 = 16 items m ™% LJ: 31 + 14 items m ™), but not in the sediments (KB: 22 + 20 items
kg™%;1J: 23 + 25items kg 1) A itudinal gradient with i ing particle ion was observed in both
water and sediment samples and in both catch ly (PE) and polypropy (PP) particles

in all samples. Fibres were predominant in the water column samples, while fragments were more common in the
sediment samples. MP particles were mostly coloured, and most of them were smaller than 2 mm in both water and
sediment samples. The critical evaluation of the results and previous studies suggest that the characteristics of the
catchment (anthropogenic pressures, size, climate, etc.), the hydrogeomorphology of the river (sediment type,
discharge, flow velocity etc.), the sampling locauon along the river, the sampled compartment (water, sediment),
the sampling method, and the istics at the time of ing, are important factors for
observed MP ions and other ch istics.
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1. Introduction
Microplastic particles (MPs; particles <5 mm) pose an increasing threat
to human health and the envi: worldwide. R h on MPs and
their ions, ys, envi 1 fates
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the riverbed can infiltrate the sediments into a deeper layers or be resus-
pended during stronger flow conditions, such as floods (Hurley et al.,

2018), or even under baseflow conditions ('Dmmmond et al., 2020). Resus-
is ly influ d by the g hology of the riverbed, MP

and impacts on biota, while rapldly mcreasmg, is primarily focused on
the marine environment; the origin, distribution patters, transport path-
ways and impacts of MPs in the freshwater environment remain largely un-
explored (Wang et al., 2021). As rivers are considered highways for plastic
debris of various sizes, including MPs, an esti d 0.47-2.75 million
tonnes of plastic are transporﬁed by rivers into the oceans uch year
(Lebreton et al., 2017; Schmidt et al., 2017). Thereft

icl concentmuon and diameter (Nizzetto et al., 2016; Waldschldger
and Schiittrumpf, 2019). In some rare cases, MP can even return to land
(e.g. during floods) (de Souza Machado et al., 2018). Although the oceans
act as sinks for much of the MP, freshwater bodies and soil are ako involved
in the plastic cycle and retain much of the MP they receive (Klein et al., 2015;
Horton and Dixon, 2018; Drummond et al., 2020; Scherer et al., 2020). A
study by Drummond et al. (2022) found that MPs are largely retained in

on freshwater systems is crucial to better understand MP accmnu]:mon in
the oceans and global distribution patterns.

Most studies dealing with fresh have i igated pollution pat-
tems of MP in larger rivers (catchment area > 50, 000kmzormam tribu-
taries with catchment area > 5000 km?), and provide information on the
large-scale regional and/or global drivers of MP pollution either in the
water columns or in the riverbed sediments (Klein et al., 2015; Constant
et al., 2020; Eibes and Gabel, 2022). The most common polymers in fresh-
waters in general, and also in large rivers, are polypropylene (PP) and
polyethylene (PE), with fibres and fragments being the most commonly
detected shapes (Wang et al., 2021; Yang et al., 2021). Concentrations in

water and sedi les can vary iderably, from O to over 80
items in m~2 of water, depending on the i hod (i.e. water
pump, net), anth and size (C etal,

2020; Eibes and Gabel 2322), and from 9 to over 15,000 items per kg“
in river sediments, with the location of sampling playing an important
role (Scherer et al., 2020).

MParemost]ypmducedonlandand b ly distributed througt
out 1) bodies (Ziajahromi et al., 2016).
Primary MPs are intentionally produced, such as industrial lesins (eg

at low-flow conditions, with residence times of up to
1 7yetuslc|'n‘1 On the other hand, the faster a river flows, the more energy
ithas to entrain and alarge of particles. High-energy ﬂnod
flows, for example, lead to the p of dense MP particl
with other sediment particles (Knighton, 2014; Hoellein a al,, 2017)

Flow conditions (flow velocity, flood events) and particle properties
(shape, density, type of material, microbial overgrowth) are the most im-
portant factors controlling the transport of individual MP particles in rivers
(Horton and Dixon, 2018; Waldschléger et al., 2020; Winkler et al., 2022).
Depending on their density, particles can either float or sink when intro-
duced into the water (Waldschliger and Schiittrumpf, 2019). Floating
particles tend to be transported to the ocean by the river current unless
retained by barriers (Scherer et al., 2020), while higher density particles,
such as PET or nylon, sink to the river bed unless a high-energy current
transp them d to a low-flow area (Nizzetto et al., 2016).
Furthermore, Waldschliiger and Schiittrumpf (2019) reported significant
differences in the sinking behaviour of pellets, fibres and fragments, indi-
cating the importance of MP shape. Additionally, researchers have found
that most fibres are of natural origin (Constant et al., 2020), in some
cases as much as 90 % (Stanton et al., 2019).

Due to biofouling, i.e. the h of mi ganisms to particles,

pellets for easier transport) or p 1 care products (e.g. at

in toothpaste or skin care) (Waldschliger et al., 2020), while seoondary
MPs are products of larger displaced plasbcs. Under anﬂlmpogmlc or envi-
ronmental factors, large plastics are fi d into small
pieces, becoming important sources of MP in the environment (Hidalgo-
Ruz et al., 2012; Yang et al., 2021). MPs from households, industrial and

other wastewater, and urban or road runoff’ din
treatment plants (WWTPs), which serve as a major point-source link
b MP poll and the aquatic envi (Ziajahromi et al.,

2016; Kovat VirSek et al., 2017). Although most MPs in sewage sludge
are retained by WWTPs, millions of MP particles are still discharged into
rivers per day due to the large amount of treated water (Prata, 2018). In
addition, sewage sludge from WWTPs, when used as a fertiliser on agricul-
tural land, can also be a source of MP pollution to freshwaters; it can be
washed off by precipitation and enter surface waters (Sun et al., 2019) or
be released into the atmosphere during surface treatment (Sommer et al.,
2018). Atmospheric MP particles origin from a range of anthropogenic
sources (WWTPs, transport, industry, agriculture, etc.) reach the land
(forest, urban and agricultural) via precipitation, and flow into rivers
and lakes via surface runoff (Waldschliger et al., 2020; Wang et al., 2021;
Kallenbach et al., 2022).
Catchment characteristics and river hyd phology can infl

the flux of MP pollution across a landscape and within water bodies. Climate,
topography, hydrology and land use, for example, alter the mass balance of
MP within a catchment by affecting the diversity and volume of MP emitted
from different sources, the nature and extent of transport processes and the
likelihood of y storage in (Windsor et al., 2019). For
example, heavy rainfall causes the flux of MP particles into river systems to
increase due to atmospheric fallout (Dris et al., 2015; Bergmann et al.,
2019), soil erosion (Blising and Amelung, 2018) and stormwater runoff
(Pifion-Colin et al., 2020; Treilles et al., 2021; Werbowski et al., 2021). In
slow-moving stretches of water, MP are likely to settle along with sinking
sediment particles, with sediment deposition further contributing to MP
particles being buried (Horton and Dixon, 2018). Particles that settle on

MPs b denser and have a higher settling velocity (Miao et al.,
2021). In addition, the shape and size of particles affect the retention of
MP. Irregular particles such as fragments and pellets tend to sink or rise
more slowly than spheres because they are slowed down by secondary
movements (e.g. rotation, lateral oscillation). Fibres appear to orient them-
selves horizontally in the water regardless of their initial position, and rise
with the same velocity, regardless of their ]ength However, the speed of
the fibres may i as their di ldschléiger and
Schiittrumpf, 2019). When characterising MP particles, it is also important
to consider the colours of MPs, because of the interaction with the microbi-
ota. For example, Lopes et al. (2020) analysed fish stomachs and found a
prevalence of blue and black MPs, while Berglund et al. (2019) found pre-
dominantly black and p fibres in 1s, suggesting that mussels
show a colour preference for food.
The present study focused on determining the patterns and types of MP
pollution at smaller scales (500 km? < catchment <800 km?, river length <
45 km) in both abiotic p water col and riverbed sedi-
ments, and along the rural-urban gradient. Since understanding MP sources
and sinks is important to effectively reduce the impact of plastic pollution
on receiving ecosystems (Wang et al., 2021), the main objective of the
study was to understand m—depdl how envi 1 and anth
factors, such as hyd phology, urk ion and WWTPs, lmpact
MP polluti (1e., ti types, shapes, sizes and colour of MPs),
on smaller scales. In addition, these MP characteristics were studied in
both water columns and riverbed sedi to better und d the trans-
port, retention and distribution of MPs in streams. Notably, two geologi-

cally and hydrologically different catch (turbulent pre-alpine river
and meandering lowland karst river) with similar anthropogenic pressures
were d. Theh dd: d in this paper are: (1) MP pollu-

tion gradually increases a]ong the river, both in the water cnlumn and in
sedimenm,whdnsduehom in the pOg

(2) MP pollution is significantly higher d from WWTP effluents
in both water oolumns and sed!mems (3) MP pol]utlon in the two catch-
ments studied differs due to diffe in istics,
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and hyd phology, and (4) MP
pollution differs between water columns and sediments. Funhermm'e this
study calls for the dardisation of methods for estimati lluti

in rivers by comparing and analysing the results of existing publlcauous
on European rivers MP pollution and contributes to the devel of
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flows through the Ljubljana Moor and through the city of Ljubljana, merg-
ing with the Grada$¢ica and then flows as a right tributary into the Sava
River. The length of the river in this section is 41 km and the catchment
area of this part is about 787 km? (Table 1). The NW part of the Ljubljanica

h is classified as a pre-alpine or isolated karst with steep dolomite

efficient mitigation methods against MP pollution in freshwater bodies by
providing new field data,

2. Methods

2.1. Study catchments

The samples were obtained from two catchments in Slovenia: Kamniska
Bistrica (KB) and Ljubljanica (LJ) (Fig. 1). The Ljubljanica is a typical karst
river in the south-central part of Slovenia, sinking underground in several
places and then reappearing back on the surface. At its last appearance on
i springs near Vrhnika,

wells from

the surface, the Ljubl

slopes, while the background of its springs is a typical karst area. The
Kamnika Bistrica, on the other hand, is a pre-alpine river with a gravel-
bed in north-central Slovenia, rising in the southern Kamnisko-Savinjske
Alps (630 m elevation). It is 33 km long and has a catchment area of
534 km? (Table 1). The river flows through a narrow valley, continues
through the town k, enters the Ljubljansko polje - the Ljublj
basin tectonic depression - and reaches the Sava River as its left tributary,
near the outflow of the Ljubljanica. In the upper reaches, the catchment
area consists of 1i and dolomite and is sur ded by forest. The
catchment area around Kamnik is composed of clastic rocks (tuff, sand-
stone, conglomerate, clay, marl), with the lower part of the river containing
alluvium,

O Water
& Sediments
B wwrp
- Rivers
Land use

[ Urban
[ Agriculture
[ Forests

Fig. 1. The study area.
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Table 1
Ch ics of study catch Source of data: Slovenian Environmental Agency, gauge stations: Moste 1 (1J) and Vir (KB).
River Catchment area River length Mean daily discharge (+8D) Min daily discharge Max daily discharge
(km?) (lam) (2010—2020) (m°/s) (2010-2020) (m®/5) (2010-2020) (m*/5)
Ljubljanica (LJ) 787 41 52,9 + 53.6 44 3438
Kamni¥ka Bistrica (KB) 534 33 5+87 0.1 1568
2.2. Field sampling The remains on the filter were stored in closed glass petri dishes at room
temperature until they dried.
2.2.1. Water column
les were obtained from two ] along the Kamnigka Bistrica ~ 2.3.2. Characterisation of MPs from water and sediment samples

(upstream and downstream of the WWTP; 20 September 2019) and at four
locations along the Ljubljanica (upstream, in, and downstream the city of
Ljubljana; 1 October 2019) (Table 2 and Fig. 1). At each sampling location,
1 m® of water was pumped three times. Water samples were collected at a
depth of 15-20 cm below the water level using a motor pump (Makita
EW1060H) and a suction basket with a pore size of 1 X 1 cm. The water
was filtered through a sieve with a pore size of 150 pm. The collected
material was washed with 70 % ethanol and stored in glass containers
until further analysis.

2.2.2, Sediments

Sediment samples were taken from two locations along the KamniSka
Bistrica (at the pristine river reach and downstream of the WWTP; 26 August
and 28 June 2019, respectively) and at two in the Ljublj

h (in and d of the city of Ljubljana; 26 Au,gust2019)
Three sediment samples (500 mL) were randomly collected from the fre-
quently flooded banks and three from the wetted channels in summer
2019 (base flow conditions). In the wetted channels, a tube (diameter =
30 cm; height = 60 cm) was inserted into the river bed. Large stones were
removed and sediments (< 4 cm grain size) were carefully sieved and
washed and collected in a 500 mL PP flask. 1 L of water with suspended
material was also collected from the tube to obtain MPs that may have
been released from the sedi during li

2.3. Laboratory sample processing

2.3.1. Preprocessing of sediment samples

The sediments had to be preprocessed in order to extract MPs. In the
lab v, 300 g of sedi was th ghly mixed with a saturated
NaCl solution and left for 24 h. The supernatant was then removed and
washed through a 0.063 mm steel sieve. The sediment was again mixed
with NaCl solution and allowed to stand for 2 h; the supernatant was then
washed through the 0.063 mm sieve and the sediment was allowed to
stand in saturated NaCl solution for 2 h before being sieved again. The
material was coll d in glass i and hed; FeSO4 and H,02
were added to break down any organic particles. The solution was heated
at 75 °C for half an hour, until the chemical reaction ended. If any material
remained, additional H,0, was added and the solution was heated. Finally,

Allglasseontxu\emused forsamphngthetha'column and filters used
for were th hly checked using a stereo micro-
scope (20-120 x magnification, Ste!eoDlscovery V8, Zeiss, Germany).
Each assumed MP particle was isolated from the samples with precise twee-
zers and sorted into one of five categories: fragments, fibres, foams, films
and pellets/granules. The particles were then measured according to their
longest length, their colours noted and their chemical eomposmon deter-
mined using attenuated total refl; Fourier frared spec-
troscopy (ATR-FTIR; SpectrumTwo, Perkin Elmer), except for fibres in the
water column (see Chapter 2.3.3). Colours were categorised into one of
the four obvious groups P black, white and col d - as colour
perception is subjective and can be influenced by factors such as micro-
scope illumination/background or personal factors (Lu et al., 2021; Yang
et al,, 2021). MP particles were measured and sorted into size categories
determined as 0-0.99 mm, 1-1.99 mm, 2-2.99 mm, 3-3.99 mm, and
4-4.99 mm, with a difference of 0.99 mm between them.

2.3.3. Characterisation of fibres

Individual textile fibres from environmental samples may be too small
to be analysed icro-FTIR. Thereft ly a repr ive sample of fi-
bres from the Ljubl: River were chemicall lysed using this method
(Spotlight 200i, PerkinElmer). The fibre particles obtained from the water
columns of the LJ were classified according to their origin — natural or
anthropogenic - with the latter additionally divided into group of either
semi-natural or synthetic origin. No such distinction was made for the
samples from KB and they were therefore not included in the chemical anal-
ysis. From the LJ samples, a representative sample (5 %) of the fibres was
selected for micro-FTIR analysis and fixed on gold-coated polyester
membranes (i3-TrackPor P Membrane; i3-Membrane) to avoid interfer-
ence. In Fig. 2, all fibres of both origins are included. In Fig. 3, all fibres
(semi-natural and synthetic) were included in the “Shape” section, while
for the p: ion of material analysis, colour and size ranges, fibres
found from water column samples were not included. In Fig. 4, only fibres
that were visually d d to be synthetic were included.

2.3.4. Quality control
During the sampling and analytical processes, plastic was avoided
where possible to minimise interference with the samples. All researchers

the residues were washed again over the steel sieve and then the residues in
the sieve were filtered through a glass filter (Whatman, GFF, No. 1825-047).

wore hetic clothes and/or cotton lab coats. Glassware was washed
thoroughly with Milli-Q water before use, and the workspace was cleaned

Table 2

The sampling sites with location coordinates and location IDs, used in graphics (TWRS — Institute for Water of the Republic of Slovenia; NIB - National Institute of Biology).
Sampling site (river) Sampler Sample ID Coordinates
Cma vas (LJ) IWRS LW 45"59'59.9"N 14°28'06.0°
Prule - Spica (L)) IWRS L2w 46°223.9°N 14°3044.0°E
FuZine (LJ) IWRS LI3W 46°3'00.8"N 14°3309.9°E
Zalog (LJ) TWRS LW 46°422,5"N 14°388.9°E
Above WWTP DomZale-Kamnik (KB) TWRS KB1W 46°07°24.6"N 14°3621.1“E
Under WWTP DomZale-Kamnik (KB) TWRS KB2W 46°06'13.5"N 14°36%59.3°E
Stahovica (KB) NIB KB1S 46’16'55.3"N 14°36%53.3E
Bitte (KB) NIB KB2S 46°0518.4"N 14'37°33,1E
Mali Graben (GRA) NIB LJis 46°01'59.4°N 14°28736.1E
Cesta v Kresnice (LJ) NIB LJ2s 46°04'00.6°N 14°37°49.5°F
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Fig. 4. Visualisation of the various materials, shapes, colours and size ranges of the MP particles collected in this study. Each circle represents one particle. The triangles

represent particles whose size was not defined. For the water column samples, only fibres that were visually d

d to be synthetic were included. Fibres found in KB

were excluded as they were not differentiated according to their origin (semi-natural or synthetic).

with Milli-Q water before and during the research procedure. For the most
part, the filters were handled in a laminar flow to prevent MP contamina-
tion from the air, When not in the laminar flow, the glass petri dishes
containing the sample filters were kept closed. Microscopy was performed
in a clean room with air purifier turned on. When extracting MPs from sed-
iments, a spiked positive control was used to evaluate the MP return rate.
Furthermore, distilled water was subjected to the same procedure as the
environmental samples to determine blank values. The data were corrected

ding to the ion levels found during the laboratory analysis.

2.4. Statistical analyses

Statistical analyses were performed using R version 4.1.2 (R Core Team,
2021) and the tidyverse package (Wickham et al., 2019) for vi: i

the sediment samples (N = 24) (Fig. 2). A longitudinal gradient with in-

ing particle conc was observed in the water and sediment
samples from both catchments. In general, higher average concentrations
of MPs were observed in the water samples from the pre-alpine river KB
(Table 3). The MP concentrations in the sediments highly varied within,
between the sites and the two h For water col the lowest
amount of MP particles was found in the sample obtained above the
Ijubljana city in the LJ catchment (LJ1W, 14 * 8 items m™? of water),
and the highest amount was found in the sample downstream of the
WWTP effluent in the KB river (KB2W, 71 + 14 items m~ of water).
Among the sediments, the lowest number of MP particles was detected in
the city, from the samples from the regulated tributary of the LJ (LJ1S,
5 = 7 items kg " of sediment), and the highest number was detected in
the samples below the WWTP of the LJ (LJ2S, 40 = 23 items kg ~* of sedi-

The level of significance for all analyses was p < 0.05. Due to the different
methods used for sampling the water column and sediments, the data
were analysed separately. As the samples were not normally distributed,
the Kruskal-Wallis one-way analysis of variance was used to determine
whether there was a significant difference b the mean abundance
of particles in the water columns of both catchments and that in the sedi-

ments. In addition, Dunn's test was performed post hoc.

3. Results
3.1. Quantification of MPs

MPs were found in all water and sediment samples. A total of 378 parti-
cles were characterised from both the water column samples (LJ, N = 12;
KB, N = 6) and the sediment samples (IJ, N = 6; KB, N = 6). These and
the following numbers include synthetic fibres visually determined to be of
synthetic origin. For the LJ water column samples, a representative number
of fibres were analysed by micro-FTIR. An average of 41 + 20 items m >
(range: 7-89 items m™~?) were found in the water column samples (N =
18), and an average of 22 + 22 items kg ™" (range: 5-40 items kg ™) in

ment). The Kruskal-Wallis test revealed significant differences between
catchments (H = 7.6575, df = 1, p = 0.006) and between sampling loca-
tions (H = 15.868, df = 5, p = 0.007) for the water columns. The Dunn
post-hoc test showed that this difference was specifically between KB2W
and LJ1W (p = 0.017) and LJ2W (p = 0.023). The Kruskal-Wallis test
was conducted to check for differences between the sediment samples of
the two catchments (KB vs LJ), but no significant difference was found. How-
ever, when considering the different sediment sampling locations (KB1S,
KB2S, LJ1S and LJ2S; Fig. 1), the results of the Kruskal-Wallis test were
significant (H = 11.8, df = 3 with p = 0.0081). The post-hoc Dunn test re-
vealed significant differences between KB2S and LJ1S (p = 0.042), KB1S
and LJ2S (p = 0.040), and LJ1S and LJ2S (p = 0.028), which also differed
in terms of catchment land use and hydrogeomorphological characteristics.

3.2. In-depth characterisation of MP particles found in water and sediment samples

3.2.1. Water column

In terms of shape, the predominant particles in both catchments were
fibres of both natural or synthetic origin (ILJ 86 %, KB 72 %), followed by
fragments (LJ 10 %, KB 22 %) (Fig. 3a, b). In the polymer/material analysis,
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due to 63 % of the particles could be identified
fmmdxewauroulumnsampla 61 %ﬁomKBand 67 % from LJ; fibres not
included. In both, mustufdlepamde!wePE(m%and%%rspeohvdy'
fibres not included). The chemical ition could not be d ined for
all particles duemﬂleirsmallsizu,whid: led to accidental losses during
handling or the particles were too small to handle at all, or the instrument
could not provide a signal. Of the LJ samples, a tepresemztlve sample
(5 %) of antt ic fibres was sel d for chemical lysis, and
75 % of the fibres ch ised were polyethyl hthalate (PET).

Most particles mtheleamplewerecoluu:ed (60 %), while most parti-
cles in the KB sample were transparent (53 %). The majority of particles in
the water samples (fibres not included) were small (0-0.99 mm), both in LJ
(80 %) and KB (70 %), followed by particles of size 1-1.99 mm (LJ: 13 %;
KB 9 %) and 2-2.99 mm (LJ: 4 %, KB 8 %). For some particles, the size
range could not be determined (LJ 2 %; KB 14 %).

3.2.2. Sediments

Generally, the MP particles found in both the LJ (59 %) and KB (49 %)
sediments were classified as fragments, followed by fibres (22 % and 42 %,
respectively). The LJ sediment sample consisted primarily of PE particles
(31 %), followed by PP (22 %), PET (16 %), rubber (R; 10 %) and polysty-
rene (PS; 7 %); the material compaosition of 9 % of the particles could not be
determined. In contrast, the majority of the KB sediment sample consisted
of PP particles (32 %), followed by PE (18 %), PET (10 %), R (6 %), PS
and nylon (both 5 %) and PU (3 %); 19 % of the particles could not be de-
termined. Materials classified as “other” in both LJ (5 %) and KB (1 %)
included polymethyl methacrylate (PMMA), PE-PP copolymers and acrylo-
nitrile butadiene styrene (ABS), among others. The sediment particles were
mostly coloured (LJ 46 %; KB 54 %) or white particles (LJ 23 %; KB 22 %).
The majority of MP particles in the sedi ples fell into the small
size categories: 0-0.99 mm (LJ 28 %; KB 26 %), 1-1.99 mm (LJ 28 %; KB
31 %), and 2-2.99 (LJ 14 %; KB 9 %). The size ranges of some particles
could not be determined (LJ 15 %; KB 30 %).

The particles in the sediments were generally larger than in the waﬁer
column samples (Fig. 4). The largest particle from the sedi p
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any straight forward linkages b MP tion, the size of catch-
ment area and sampling method. Most likely, the main factors affecting the
MP concentration in the rlvennewatercnlumn is the selection ufsamplmg
site, where the local anthrop and the hydrol
oftherlveratthehmeofsamphngplayﬂvemuatimporh:ﬁmle.ﬁsbm
accordance with the study on the Ems River, where higher amounts of MP
items m ™2 have been found in the Ems downstream of WWTP (Eibes and
Gabel, 2022). Interestingly, Eibes and Gabel (2022) also reported a signifi-
cantly lower ration of MP d of cities, thus identifying
cities as potential sinks of MPs. A ibl 1 ion for this ph

was the presence of obstacles (e.g. weirs) that reduced flow velocities
upstream to the weir, which in tum i di jon of floati
MPs. A similar observation regarding obstacles altering flow ve.loclﬁes
was made in the Elbe study (Scherer et al,, 2020), where the MP concentra-
tion tended to decrease along the river course (higher in Middle Elbe than
in the Lower and Outer Elbe). In the case of the Antu3 River (Portugal),
there was no sig dient in MP concen-
tration (Rodrigues et al., 2018), as olserved in our study However, some
seasonal differences were observedmﬂlh:ghercotmelmdmsmaumnm

in comparison to spring, while the ite was true for sedi
(Rodrigues et al., 2018). 'I‘lnsmmusthkelyduewpxeupmhon.ltmkmwn,
that the MP ion in rivers i with the of precipita-

tion and flow velocity (Giindogdu et al., 2018; Winkler et al., 2022), which
is due to the resuspension of plastic particles from river sediments and river
banks. This is also supported by the observation that the sampling sites with
the lowest MP concentrations in the surface water samples had the highest

in the sedi les (Winkler et al., 2022). The findings
of our and previous studies suggest that the hydrogeomorphology of the
river studied is important for the MP distribution, indicating the need for
further studies that mke into aocuunt both spanal and temporal variability
and carefully designing the

S Py calnipaiy

4.2. Potential drivers and main characteristics of MPs in river sediments

was a black, 4.73-mm fibre in LJ2S, while the largest particle from the
water column samples was a pink, 4.69-mm fibre in LJ2W. All identified
particles in the samples from KB were smaller than 4 mm, No rubber parti-
cles were found in either of the water column samples and no neoprene or
PVC particles were found in the sediments. In addition, no nylon or PU was
found in the LJ sedi or water col les. The most par-
ticles in the water col les were PE frag witha
smebawemOandOQQmm,wluleﬂmmostocmmonpamdesmﬂlesed—
iments were white PP fragments with a size of 1-1.99 mm. Almost no white
particles were found in the LJ water column sample; mostwerecolwred
Most particles from the KB water col were

4, Discussion
4.1. Potential drivers of MP concentrations in river water

In this study MP sampling in the water column was carried out using the
water pump method, which proved to be a very suitable method, as also
shown by the linear trend of i g d of the
Ljubljanica River. The rage concentrations of MP particles in the water
were significantly lower in the Ljubljanica catchment (31 = 14 items
m %) compared to Kamnidka Bistrica (59 + 16 items m~2), although KB
is shorter and has a smaller catchment area. The main reason for this is
most likely the selection of sampling sites, which in the case of KB was in
the immediate vicinity of the WWTP. The comparison between Po and
Kamnika Bistrica Rivers (Table 3) is also interesting, as the sampling
methods are the same, but the MP concentrations much lower in the Po

G d to p studies (Table 3), the amounts of the MPs in the
sednmemsufﬂ:etwocatd!mumsmdledmlenuwhlowerltmﬂmtm
the case of sedi the i ity of MP polluti mrelamdmlhesize
and length of the catch followed by the i ity of pres-

sures. For example, similar MP concentrations were found msamplesfmm
the Antug, Tét and Ticino rivers, which have a comparable length and catch-
ment area, while the larger Elbe, Rhine and Main rivers had much higher
concentrations of MP in the sediments (Table 3). Furthermore, a strong
gradient of higher MP concentrations along the river was observed in both
study catch which is i with the pattern in the water samples.

Most of the particles found in the samples of previous studies were PE
and PP in the form of fragments, which is consistent with the present
study (Table 3). These results are in agreement with the review paper by
Yang et al. (2021): they reported that PE was the main polymer type iden-
tified, followed by PP and PS, but also emphasised the diversity of MPs
found in different regions of the world. For example, ethylene-co-vinyl
acetate (EVA) was the main polymer found in the Ticino River (Winkler
et al., 2022). On the contrary, Yang et al. (2021) rq)ozted ﬂxatﬁhzs were
the most commonly occurring particles in fresh
it is important to note that the results of many studies may have been
erroneous, as fibres were usually of natural origin (semi-natural fibres,
most likely cotton) (Stanton et al., 2019).

Most of the MP particles were coloured in the present study, similar to
the Antud River, while Klein et al. (2015) found different colours and
Scherer et al. (2020) found mostly transparent particles (Table 3). The latter
was probably due to the different consideration of coloured MPs: Scherer
et al,, 2020 considered each individual colour in their calculations, while
coloured Ml’s were grouped under the category colomed in the prment

River, although the Po catchment is many times more densely p

study ing the imp of standardised ds and reporting

(17 million inhabitants). The study in the Po reports on d disch

(floods) during the sampling which could cause the dilution of MP pollu-
tion. In general, comparison of the results of other studies does not show

Similar to water les, the i
prior to sampling can have an imp

season and hyd
infl on MP ion:
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in sediments. In the Tét River, samples taken just after a rain event in
October 2015 had the highest concentration (13 mm, 1029 1tuns kg"),
while the lowest mean concentration was found in k da
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(Prata et al., 2019). Analysing the colour of MP can also identify possible
of MP or during sample preparation (Prata, 2018;
shrenfeld et al., 2019; Stanton et al., 2019), which in tum can also facili-

few days after a major rain event in December 2016 (59 mm, 24 +
19 items kg ~"), which caused peaks in the river flow rate (87 m®/s); this
suggests that precipitation and river flow rate influence the MP concentra-
tions in sediments (Constant et al., 2020).

tate the identification of shapes (Lu et al., 2021). In this study, the most
common shapes were fibres and fragments. Coloured fibres may be associ-
ated with effluent from a nearby WWTP, while transparent (or discoloured)
parudumﬂdbeduewlong-muwuummualexpusmetowhghtor
chaﬁng against sediments. In icles could be i

4.3. Differences in MPs' and ch istics b water and of y discarded (and brightly coloured) larger plastic parti-
sediments des,muaﬂyﬂumpmdmtsmﬂlalmgshelfhfe

Due to differences in the field sampling, sample p ing, ch is- 4.4. hodological constraints and r dations for improving MP
hcsufwaterandsedim'xmdﬂleummusedmdﬂsstudy,aduectmpar- characterisation
ison of the number of MPs b water and sedi isnot ingful,
andaﬂyaquahtauveoompansoncwldbemdemequah(auvemalym Due to differences in sampling methods and lab ry analyses, it is
of the particles shows the difference in the shape ofthe pamcles water difficult to compare the results of MP in riveri be-

samples are dominated by fibres, while sedii are
by fragments. The shape is one of the crucial factors (bemda the material

tween studies. Table 3 pares studies on pean rivers of different
sizes and under high anthropogenic pressure, using different sampling

structure ~ density and size) that infh the buoyancy of the particl

Hoellein et al. (2017) have documented that fibres can ﬂoat longer and
have a longer port length d to fi In addition to
shape, the surface-to-volume ratio also influences the state of aggregation
and sinking behaviour of the particles. Additionally, Hoellein et al. (2017)
observed that of the differently shaped plastics, for instance, fragments
have the shortest transport length in the streams due to the surface-to-
volume ratio. The results showed that the majority of particles in both
types of samples (water and sediments) fit in the size range 0-0.99 mm
and are coloured PE or PP,

Water sampling with a water pump is a rather rare method in MP re-
search. Before commencing the present study, the epineuston net and
pump-based samphng metllods were tested and it was found that the MP

ling with the pump were 10 times higher

at smaller volumes of individual samples. Sampling with a net was deemed
itable for rivers, b alot of organic (leaves, branches, aquatic or-
ganisms) and inorganic (sand, fine sediment) material gets trapped in the
net, making funher separation of sample particles difficult. Techniques

The particles found in the water column samples 1!
than those found in the sediments. In the case of the Ticino River, for exam-
ple, the sediment samples contained a significantly larger proportion of
smaller MP than the water column (Winkler et al., 2022). However, compar-
ison between different studies in terms of MP concentration by size can be
difficult, as noted in recent reviews (Hartmann et al., 2019; Lu et al., 2021;
Yang et al., 2021). MP studies consider pieces smaller than 5 mm and are
limited by the sampling mesh or filter used. In addition, studies use a differ-
ent size binning between their size classes (Klein et al., 2015; Constant et al.,
2020; Yang et al., 2021). Lu et al. (2021) found that 73 different size classes
were reported in the reviewed studies, while some of the reviewed studies
did not mention particle size at all. Studies should report on MP size with
standardised range categories to avoid overestimation.

In order to confirm and better undk d the of the identified
MP items, the visual placements of these items were confirmed using
FTIR analysis. In addition, due to the difficulties in handling smaller pieces
with FTIR, visual inspecti imp Fibres of natural origin are
flat, twisted and of uneven di vh fibres of synthetic origin are
of uniform diameter along their entire length. Facilitating the digestion of
organic matter in MP samples, along with visual separation of MPs, is effec-
tive for MP separation and is used in most studies (Stanton et al., 2019).
Sediment samples wene found to contain most]y PP followed by PE parti-
cles, while co! ly most water colu ined mostly PE
particles followed by PP (Fig. 3). In most rivers, the predominant polymer
was PE (Table 3) and these results are also consistent with the report by
Lu et al. (2021) that PE, PET and PP were the predominant MP types in
thewata'umplsofmvlomstudlu,whﬂel’l!md PP dominated in the

ples, which is with the present study. PE is in
high demand in Europe (17.4 % and 12.9 % for low and high density,
respectively) and is mainly used for ble bags, food packagis
shampoo bottles and agricultural film (Plasti 2021).

In the present study, half of the items found in the sediments were
coloured, follmed by white, black and transparent items. In the water col-
umn l d and p items were followed by
wlnwandbhckmu and some were non-defined (6 %) (Fig. 3). Previous
studies have reported similar results, different rivers were polluted with
particles of different colours (Rodrigues et al., 2018; Scherer et al., 2020).
Coloured MPs are usually associated with products with long shelf life

such as org material degradation and density separation are not
itable b organic particles such as leaves, cannot be completely
degraded by techniques that do not simul ly affect plastic particl

Furth density sep would not work because the organic parti-

cles float on the surface together with the MPs. MP particles are therefore
hidden under the other materials. In contrast, the samples obtained with
the pump sample were extremely clean because the suctlon basket dld
not allow particles larger than 1 cm to pass through. Therefi
did not need to be processed further before MP separation. Tlm med\od
also allowed sampling at different depths. In rivers, MPs tend to be more
evenly distributed in the water column due to the river flow, and their
arenot ily highest at the water surface, as is typical
for seawater, so sampling with a water pump in the upper half of the water
column made even more sense.

An important ideration when i gating MP ions is
the choice of an appropriate sample size. Sufficiently large water and sedi-
ment samples should be taken to reduce the error in the results, as extrapo-
lating results from, say, 100 g sample to one kilogramme is not realistic as
the les are not h and can lead to an error.

InMP h, lab y analysis of MP particles is often based on sep-
arating particles using tweezers. However, this is limited by particle size
andmaymﬂtmasmallpmpurﬁonof les whose ch 1
tion can be d d. We therefore prop toﬂ]terdlewashedsampla
from the filter on an inorganic b in the lab y and i
them with an FTIR microscope. This avoids manual separation of the parti-
cles, which saves time and reduces the risk of sample contamination. The
use of a glass fibre filter should be avoided, as such filters consist of several
layers between which MP particles can hide, affecting the final result.

A current debate among researchers revolves around which fibres can
be counted as MP. In particular, studies have differed on the counting of
cotton fibres, which are chemically cellulose but are often dyed (Stanton
etal,, 2019). In the present study, anthropogenic fibres of synthetic and nat-
ural origin were distinguished by visual recognition using a stereomicro-
scope. Anthropogenic fibres of natural origin were classified as microlitter
— aterm also used in the implementation of marine litter monitoring in
the context of the Marine Strategy Framework Directive (Hanke et al.,
2013). Therefore, the term microlitter was deemed prudent to describe
microplastics as well as particles of other materials (e.g. rubber, paints).
Accordingly, all particles from anthropogenic materials in the natural
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samples were classified to be microlitter, and those particles originating
from polymer were categorised as microplastics.

5. Conclusion

The present study offers one of the rare in-depth insights into the
quantities, distribution and main features (polymer type, shape, size
and colour) of MPs in rivers with small catchments (< 800 km?) along
rural-urban gradient, differing in the intensity of anthropogenic pres-
sures and hyd phology and addressing MP pollution in both
the water column and sediments.

Inbclhmewatu'andsedlmmtsanplesandm the two rivers studied, the
MP d further d i.e. with i dis-
tance from the river spring. PEandPPparudawe!emostﬁequentmd
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