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Abstract

The European Water Framework Directive was created to monitor and establish the quality of
all waterbodies within the European Union urging all member states to perform water quality
assessment based on biologigdlysicochemicahnd hydremorphological elerants. Among
others, diatoms and macroinvertebrates have been shown to form very reliabidaitors

for general water quality monitoring.

The present study evaluates the impact of a metal pollution gradient caused by historical
contamination in a Flersh lowland river. It follows previous researfriom 20062007 that
evaluatedthe water quality of the Dommel using diatoms and macroinvertebiBitetsc

indices based on both diatoms and macroinvertebrates are applied to monitor the water quality
of six sampling localities of the rivesampled during three campaigis physicochemical
analysis of water, sediment and a selection of macroinvertelrasearried out to investigate

the presence of metals. Our results suggest that sites downstream aide&lioop’ a
tributary of the Dommel were different from upstream waters in terms of physicochemistry,
showing increased levels of electrical conductivitylphateand chloride. Metal contents in
water and sediment showed elevated levelsadimiumand leadin downstream sites, while
water samples showed higher concentrationsdpper zincandarsenic Differencedetween
sampling campaigns were also observedstane ofthese physicochemicahriables Metal
concentrations in macroinvertebrates displayed increased lewats,airseni¢ cadmiumand

lead downstream of the Eindergatloop, while diatoms did not show a clear sign of metal
induceddeformities Biotic diatom indices indicated downstream sttebe oflower biological

water quality, while the MMIF did not show any differences. However, the latter indicated the
entire study area t o (ommuaityanalyssosdoweda highdegneeat e r
of similarity in diatom and macroinvertedie communitiesndicating increasecdlownstream

levels of pollution.



Samenvatting

De Europese Kaderrichtlijn Waterewd in het leven geroepesm de waterkwaliteit van alle
wateren binnen de Europese Unie te monitoAdie lidstaten werderhierbij verzocht om
waterkwaliteitsanalyses uit te voeren die gebaseerd zijn op biologfgsimchemischesn
hydromorfologische elementen. Van de biologische elementen worden diatomeeén en macro
invertebraten zeer geschikt geaclstlailb-indicator voor algemene waterkwaliteitsbepalingen.

Deze studie tracht de impact van een metaalverontreinigingsgradiént, veroorzaakt door
historische vervuiling, na te gaan in een Vlaamse rivier. Volgend op eerder uitgevoerd
onderzoek in 2002007 waan de waterkwaliteit van de Dommel werd onderzocht op basis

van diatomeeén en maeivertebraten, werden zes meetpunten bemongielehs drie
verzamelcampagnes. Een fysicochemische analyse van water, sediment en een selectie van
macrainvertebraten wet uitgevoerd om de aanwezigheid van metaalverontreiniging te
bepalen. Onze resultaten suggereren dat meetpunten die stroomafwaarts gelegen zijn van de
Eindergatloop een zijrivier van de Dommeél verschillen in fysicochemie, gezien de daar
gemeten hogerelektrische geleidbaarheid, sulfaat en chlori@mk werden verhoogde
concentraties aasadmiumenloodgevonden in water en sediment van stroomafwaarts gelegen
meetpunten, terwijl waterstalen ook hogere concentratidsogem zink enarseervertoonden.
Daarnaast werden voor een aantal van deze fysicochemische variabelen ook verschillen
gevonden tussen de verzamelcampagnes. Voor metaalconcentraties ifinvextebraten

werden verhoogde concentraties geobserveerdamkyrarseencadmiumenlood in locaties

die stroomafwaarts gelegen zijn van de Eindergatloop, terwijl diatomeeén geen duidelijk
vervormingenvertoondendoor metaalgerelateerde stress. Biotische indices op basis van
diatomeeén gaven een lagere waterkwaliteit aan in stroomafwaarts gelegeess terwijl de

MMIF hier geen verschil signaleerdBit laatstebetekentdat het hele studiegebied kon
beoordeel d worden als zijnde van d6égematigde
zowel diatomeeén en maeiovertebraten vertoonde een hogeagraaan gelijkenis, met
aanwijzingen voor een hogere verontreinigingsgraad in stroomafwaarts gelegen wateren van

de Dommel.



Laymanbés abstract

The European Union urged all of its member states to conduct water gualityationgor all
European waters bad on general water characteristicsuch as physicochemisfry
hydromorphologyandbiological life. Aquatic life consists of many organisms such as diatoms
and macroinvertebrateBiatoms are microscopic, unicellular algae that are characterized by a
cell wall composed of silica, which resembles the shape of a box of cheese, while
macroinvertebrates consist of aquatic and often bettaelling organisms that are visikie

the naked eyélhespeciecompositiorand the number of organisms can providermation

about the ecological quality of a rivevhich is translated in biotiguality indices

We investigated the impact of metal pollution caused by historical contamination in a Flemish
river, the Dommel. Following research conducted in 2087 ,water quality was investigated
using both diatoms and macroinvertebrags.sites along the Dommel were sampled in three
separate campaig. A physicochemical analysis of watend sediment was conducted and
metal contents imacroinvertebratemeasuredto comparesites upstream and downstream of

a possible source of contaminatitime Eindergatloop, a tributary to the Domnir findings
showed several indications of increased levels of pollutantsités downstream of the
Eindergatloop, such asalinty. Higher concentrations of metals such as cadmamd lead

were found in both water and sediment of downstream. $ttgsicochemical variables also
showed differences between the sampling campaitjgher concentrations of metals such as
cadmium and dad were found in macroinvertebrates collected downstream of the
Eindergatloop Diatoms did not show anydeformitiescaused bymetals Indices based on
diatoms showed hitgerpollution levelsin downstream sites, whilmacroinvertebrategalued
almeasurigr | ocations t o be dCbmmumipahaysishawedsimilaat e r
diatom and macroinvertebrate communities between amd downstream sites, with

indications for increased levels of pollution downstream.
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1. Introduction

1.1. The European Water Framework Directive

The European Water Framework DirectR@00/60/ECWFD (European Commission, 2000)

i's the Uni on 06 salifstrumgnernwatpr priotectiorirbelDmettive@stablishes

a frameworkin whichea c h o f t membeUsiates arged to protect all natural and
artificial waterbodies with the central objectiveof achieving good ecologicatatusin the

entire water systerfi.e. conditions that are only slightly altered by anthropogenic aesyit

by 2015 If this initial WFD goal was deemed impossible to achieve within the defined time
limit (of reasons such as technical feasibility or disproportionate costs), time extensions may
be applicable (up until 2027 doing so, the WFD aims to prent further deterioration of
aguatic ecosystems, prorg their protection and longerm sustainable asin reducing the
discharge and emissions of priority substand&dditionally, the WFD wants tensurethe
progressive reduction of groundwater pollution dadilitate the quality and quantity of
ecosystem services in terms of mitigating floods and droulghtgher words, member states

are tasked witttherestoration animprovemenbf all natural, arficial and heavily modified

water bodies (lakes, rivers, transitional and coastal waters). For each of these water bodies
type-specific hydromorphological and physicochemical conditions are establigted
representhe theoretical6 r e f e siteationaf & given water body type with hardly any
anthropogenic stresso(Birk et al., 2012; Moss, 2008)n terms of the actual evaluation,
member states are to perform water quality assessment based on a list of predefined conditions
(2000/60/EC Annex V), comprising of biological (e.g. composition and abundance ofcaquati
flora or benthic invertebrate fauneeferred to as biological quality elements or BREs
hydromorphological (e.g. hydrological regime, morphological conditions) and
physicochemical elements (e.g. thermal conditions, nutrient conditions)

1.2. Biological water quality evaluation

Much like smoke is a tetiale sign of fire, the appearance and abundance of certainibiota
mostly influenced bythe ecological quality othar environment Using these organisms to
evaluate this quality isommonlyreferred to as biomonitoringistorically, biomonitoring (or

at least the fundamentals) of surface waters started as early as the 1830sciemigsts
observed different organisms occurringclean water opposed to polluted watiee Pauw &

Vanhooren, 1983Wwhile surface water quality assessment baseattual biological indicators



began in Germany at the end of thé" t@ntury (Metcalfe, 1989) To date, many different

methods for biological water quality evaluation have been developed.

At the beginmig of the 28 century Kolkwitz & Marsson (1908)evelopedsaprobity system,

describing how contamination of water by organic matdrto changes in the biological
composition of the water bodpescy & Micha, 1988)This system formed thieasisfor

SI "del ekds work in bi(oStli"cd ed w&l, u alt9i7olmterpSfl §deaed
more systems were introduced, all pointing to the ideaxthtdr pollutioncan havemportant

effects on aquatic communitissich as changes in the compositielimination ofsensitive

speciesand replacing them by tolerant opesducing the nber of species and/or individuals

per species anchangesn the relative proportions of species within the commugidgscy &

Micha, 1988; Hawkes, 1979)

The basic principle faall quality monitoring systems supported by the hypothesis that every
aguatic organism exhibits specific preferences for almmgsgaven environmentalariable A
combined assessment of these preferences provides an indication of the overall quality
condition of the environment these organisms are living in. For practical use, this ecological
assessment was translated in the dgretnt of water quality indicg®escy & Micha, 1988)

The rationale behind such biotic indices sgnply the monitoring bya st of metrics
representing community structure (e.g. taxa richness, relative abundance), tolerance or
sensitivity to pollution, life history strategies, densiyc, to gain insight in how a given
community responds to environmental chan@€lemm et al.,, 2003; Metcalfe, 19897
downside to the story of taxonoAmased biomonitoring is the time and knowledge required to
carry out suchtasks and this approach may well be overtaken by environmental DNA
metabarcoding for biological monitoring in the futRawlowski et al., 208; Uchida et al.,

2020; Vasselon et al., 2017)

Within the Water Framework Directive, several groups of organisms were selected as bio
indicators for monitoring the water quality. Among thambenthic algae such as diatgras

well asmacroinvertebrats both groups will be used in this thesis.
1.3. Biological quality elements
1.3.1. Diatoms(Bacillariophyceae)

Diatoms are a group of highly diverse unicellular algae encompassing more than 100 000 taxa

(Mann & Droop, 1996) Theyare found in virtually all aquatic and moist terrestrial habitats



(Medlin, 2016; Round et al., 199a8nd play a major role in all aquagcosystemgDugdale &
Wilkerson, 1998; Falkowski et al., 2004)

Diatomsare characterized by their uniqeedl wall, calledfrustule,made ofpolymerized sica
(SiO) (Round et al.1990) Every frustule is composed of two valves, kept together with a
series of narrow bands, called the gird®®@nd et al., 1990; Zurzolo & Bowler, 200Based

on ther overall shape and symmetmiatomscan roughly be separated in@dial centrics,
polar centrics and pennat@§éger & Poulsen, 2008; Round et al., 199M)e valve surface
shows a distinct morphological ornamentation that allows identification of the species
Generally, diatoms are used in a wide variety of applica{em®| & Stoermer, 2010yanging

from archaeological and @&loecological researdhi et al., 2010; Stone et al., 201tb) oil

and gas exploratiofBentaallaKaced et al., 2017Jorensic sciencfPiette & De Letter, 2006)

the use of diatomaceous earth as building or filtration mai@rabl & Stoerner, 2010) or

even to produce microalgderived biofuelgPienkos & Darzins, 2009)

Diatoms are distributediorldwide and found virtuallyanywherewater is availabléMann &
Droop, 1996) As they show very specific preferences for a wide range of environmental
parameters (such as pH, salinity or nutrients), theycansidered excellent biadicators.
They canrapidly shift their communitgompositionas a response to environmental changes
(Passy, 2007; Potapova et al., 2004; van Dam et al.,; M@4kstrom & Juggins, 2006)
Diatoms have been shown to be sensitive to eutrophication and acidification, ametal
pesticidepollution, the introduction of invasive speciesd other anthropogenic stressors
(Battarbee et al., 2001; Corcoll et al., 2012; Coste & Ector, 2000; Kelly & Whitton, 1995;
Morin et al., 2012; Rotet al., 1998)

This environmental response can be evaluated in two ways, on one hand assessing the
autecological conditions of a sample and on the other hand, developing indices that quantify

the water quality based on the diatom composition.

The firg approach derives a set of environmental conditions fromobservedspecies
compositionin combination with their specific preferences for a certain paraniBadrls,

2009; Desrosiers et al., 2013; Fore & Grafe, 2002; Kociolek, 2005; van Dam et al,,4994)
techniqueoften applied irpalaeoecologicalesearch{Bottjer, 2016; De Wolf, 1982; Denys &
Lodewijckx, 1984; Stone et al., 2011; Witkowski et al., 200®) mpl y put , using
ol i f ensdmpihatod with that of other diatoms in an assemblage, a lot of information can

be derived with regard to the sitebs ecol ogy



often restricted biogeographical distribution of diatoms), regiomndli stswere publishedn
the last decadean often timeconsuming activity requiringn extensive amount of preparatory
taxonomic and ecologicalork (Bahls, 2009; Kociolek, 2005, 2006)

For the Low Countries (Flanders & The Netherlands), such a list was assembled (and
continuously updated) by van Dam et al. (19@fcompadag attributes sah aspH, salinity
oxygen requirements, saprobégdtrophic stateFor each of these ecological indicator values,

a set of classes are distinguished for which each taxon is assigned a clas3haltudl

classification according tean Dam et al. (19943 available in Appendig.

For the second approach, a numbatiatombased indices hawontinuously been developed

and improvedsince the early 1980® quantify the ecological status of a given water body
(Cost e, 1982,; Kel |y, 1998; Kelly & Whn tton,
terms @ acidity, salinity, nitrogen uptake metabolism, oxygen requirements, saprobity, trophic
state and moisture requiremeftan Dam et al., 1994Most of these indices are basedtba

weighted average equation£élinka & Marvan(1961):

wLQ

WMS= ;

WL

in whichtheweighted mean score (WMS) is calculated usings the proportionate abundance
of species(n a given sample) as an indicator value arfgthe pollution sensitivity o§pecies
"QThe indices differ in the number of spes that is taken into consideration for the calculation
of the index Alsothecorresponding indicator and pollutisansitivity valuesre incorporated,
which vary with respect to the pollutant or stressor under investigaftns eventually leads

to dfferences in th@btained quality values.

Based on previous work (e Besselototskaya et al., 20} 1several indices proved to be more
accurate than bers Hence, a selection was maie this thesis:Specific Polluosensitivity
Index (IPS/SPICoste in Cemagref (1982}he Trophic Diatom Index (TDKelly & Whitton
(1995) andthe Diatom Biological Index (IBDiLenoir & Coste (1996)

1 Indice de Polluosensibilité Specifique or Specific Polluosensitivity Index (IPS/SPI)

The SpecificPolluosensitivity Index was established Ggmagref (1982and continuously

update ever since. As the index takes into account more than 2000 diatom taxa, it has an

4



important advantage over other indices using only a tiny fraction (less thaaxX2§®f this
species databagBauFrance, 1994; Prygiel & Coste, 1996hce the obtaied water quality
estimate will be based on the entire community and not on a small portion of the diatoms
present in the sampl®n the other hand, the use of this index will require the identification up
to species level of all encountered diatoms, witieh be a tim&onsuming and not always
simple achievement. Another strong point of this index is that it integrates organic pollution
(expressed dsiological oxygen deman@OD), chemical oxygen deman@QD) or ammonia
(NH4"), salinity (expressed as camdivity and chlorides), and eutrophication (expressed as
either chlorophyll levels or phosphate levets)ts species values providing a more complete

assessment of the water qualiBrygiel & Coste, 1993, 1995)

IPS values can be calculated using the same procedure as shaelimfa & Marvad s ( 196 1)
WMS, with species abundance of speciesQand the modified values far and‘Q the
indicative ecological amplitudes and species sensitivities, respectiMedge calculations

result in IPS values ranging from 1 (very low) to 5 (very high water quality), after which these
values can be transformed to values on 20 to facilitate comparison with other indices. Based
on the 120 score, five quality classes are digtilshed00 "Yp ¢indicating no pollution or

little eutrophicationp @ "O0 "Yp & a moderate level of eutrophicatign,&® "O0 “Yp p

as a sign of moderate pollution or strong eutrophicagtiom, “O0 "Yy indicating a high level

pollution andOD "Yx a vay high level of pollutionPrygiel et al., 1996)
1 Trophic Diatom Index (TDI)

The Trophic Diatom IndegKelly & Whitton, 1995)wasdeveloped in response to the Urban
Wastewater Treatment Directive of the European Commuhisyused to monitor the trophic
status of rivers based on diatom compositiaitially, the TDI used a simplified taxa list to
deal withthe limitations of taxonom¥yreavy indices. Nowadays, the TDI is calculated using
approx. 700 diatom taxa, sacrificisgmetaxonomic resolutiocompared to IP&elly et al.,
2008; Kelly & Yallop, 2012)If the index is used in samples free of organic pollution, TDI is
highly correlated with aqueous(Phosphorous)However, wen other pollutants are present
and when inorganic nutrient levels are high .&s no longer the limiting nutrient), he T DI 6 s
performance may be reducdd case of heavy organic pollution, separating eutrophication
from other effects beeoes increasingly difficult.To overcome this limitationKelly &
Whitton (1995)proposed the use of pollutigolerant taxa (i.e. the fraction of diatoms that

tolerate organic pollution) as an indication of TDI relidpilior estimating eutrophication.



Later, this criterion was replaced with the percentage of valves belonging to motile taxa to
account for organic pollutiofKelly et al., 2001) Additionally, centric diatoms are omitted
from TDI computations, along with some modifications to certain sensitivity véikedly,

1998; Lecointe et al., 2008)

As is the casedr other diatom indices, computation of TDI is based onNIMS of Zelinka
& Marvan (1961) Using the latter witlio as the abundance of speci@ss a proportion)y

as an indicator value (ranging from 1 to 3) &Aes the pollutiorsensitivity of speciesQ
(ranging from 1 to 5), the TDI can be calculated. After a conversion to a scale oRD100,
scores indicat®ery low nutrient concentratior(¥DI = O; clean water) tovery high nutrient
concentration§TDI = 100; grossly pollutedvater(Kelly et al., 2008; Kelly, 1998)

1 Indice Biologique Diatomées or Diatom Biological Index (IBD)

Lastl vy, the Diatom Bi ol ogi cal antis coetiruougly B D) [
updated to include the latest taxonomic and ecological diatom information. It is based on an
updated bt of over 800 diatom species and integrates a ser@wenfical (BOD, COD, NH,

nitrate (NO3), nitrite (NO2), total Kjeldahl nitrogenTKN), P, phosphateRQ:*), chlorides)

and physical (pH, temperature, conductivity) paramd&®FENOR, 2000; Coste et al., 2009)

The IBD is accompanied by taxonomic notes and light microscope imageilitate
identification of key specieswhich improveseaseof-use. Because of the increasing
importance of tropical invasive species in the French hydrosystem, these are included in the

| BD along with their r es fCogetetal, @009 heldtterise 6 e c ¢
still a subject of debate, as diatom commysiructure is largely influendeby ecoregional
parametergPan etal., 20000 Thi s coul d present l i mitations
tropical species <could indicate O0good wat et

necessarily the case in ntnopical regiongCoste et al., 2009)

The basic principle afelinka & Marvan's WMS (19613 also used for the calculation of IBD
scores seeCoste et al. (2009)After calculation,|BD values rangdérom 1 (very poor water
quality) to 20(very good water quality)Lecante et al., 1993; Prygiel et al., 2002)

1.3.2. Macroinvertebrates

Macroinvertebratesire aquatic andften bottomdwelling organisms that are visible to the
naked eyeg(de Paiva Magalhdes et al.,, 201%hey are found in freshwater environments
thriving in and on the sedime(benthic), in or between macrophytes or swimming around in



the wateicolumn(De Pauw & Vannevel, 1991; Sekiranda et al., 20R&}urally, the different
habitats found in aréshwater environment imply a wide variety of ecological niches and

strategies.

Benthic invertebrate fauna consistf a wide variety otaxawith each their own preferred
habitat and environmental conditiorieyhave been shown to respond to changes in stream
ecosystems on a taxonomic, morphological, trophic and physiological(keshm et al.,

2003) Macroinvertebrates have become widely used in water quality assessunansef

their responsiveness to environmental changes,well astheir ubiquity, welkknown
taxonomy, ease of collection and their role in key ecosystem pro¢€sgesg et al., 2011;
Wallace & Webster, 1996Furthermore, madditionaladvantage of using macroinvertebrates
over chemical assessments is that organisms integrate water quality over a period of time, rather
than being a snapshot of a given environmental quéliyy Pauw & Vanhooren, 1983)
However,water quality assessment based on macroinvertehsatéso limited in a couple of
aspectsFor instance, many macroinvertebrates display conlgéexycles that are prone to
seasonality, meaning that some invertebrates may not be found at some tineegeaii(De
Pauw et al ., 2 0 0 6.;AddiGomaily, kha distibbutiora &nd comraudity 6 )
composition of these organisrtas well as diatoms}¥ also affected by variables that dot
necessarily affect water quality. Such metrics include the current velocity of the stream, the
available substrate, microhabitats and their geographic distrii@adher, 1995; De Pauw et

al., 2006)

To comply with theequirements set out by tkéFD, the Multimetric Macroinvertebratindex
FlanderstMMIF; Gabrels et al. (201)) was developedit provides a general assessment of

the ecological quality in Flemishrivers andlakes andguantiies the level of ecological
deteriorationbased ora variety of naturaandanthropogenic stressorBhe MMIF is a type
specific index, i.e. its calculation depends on the type of river (or lake) a sampling site belongs
to (Gabriels et al., 2010}or this purposelochems et al. (20023ted all waterbody categes

in Flanders and created a typology according to the WFD requirements, of which system B is
used in calculating the MMIF (see WFD Annex Il 1.2.1. Rivers). This typology is based on
physical and chemical factors that are expected to determine biolpgallation structure

and composition for Flemish riversystems (see Jochems et al., 2002

The calculation of theMMIF is also presented here for the purpose of consistency and
completeness, after which it is briefly mentioned in materials and methloelsndextself is

made up of five idividual metricstaxa richness (TAX), number of Ephemeroptera, Plecoptera
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and Trichoptera (EPT), number of other sensitive taxa (NST), Shaiff@rer diversity index

(SWD) and mean tolerance score (MTS). Furthermore, tolerance scores are assigned to each
taxon, ranging from 1 to 1@ee Appendix 2).ow scores indicate pollution tolerant taxa, while

high scores signify pollution sensitive tail@de Pauw & Vanhooren, 1983; Gabriels et al.,
2010) These scores are required to calculate two of the MMIF metrics (NST and MTS), while
the other metrics (TAX, EPT, SWD) araded on the raw macroinvertebrate count data.
Metrics such asaxa richness and number of Ephemeroptera, Plecoptera and Trichoptera are
selfexplanatory and not elaborated here. However, NST, SWD and MTS require some

additionalclarification.

The NST metg is based on the tolerance scauesviouslyassigned to all identified tax#

compriseghe number of taxa with a tolerance score of 5 or higher, excludingall@&abriels

et al., 2010) Next, the SWD inde}O is obtined by calculating the proportion sfeciesQ

relative to the total number of species in the samplafter which it is multiplied by the natural

logarithm of said proportioh T . Simply put, the Shannon index calculates the contribution

of eachspecies to the total number of individuals, which is calculated for each species in a

given sample, after which the negative sum is calcul@edon et al., 2006; Shannon, 1948)
AEOARDOEOUN I 1

Lastly, the MTS is calculated by adding all tolerance scores for every taxon found and dividing

this number by the total number of tarahe sampléTAX).

In summary, the MMIF comprises of taxonotigsed metrie (.e. species richness, diversity;
TAX, SWD) andautecologybased metrics (i.e. metrics that capture sensitivity to disturbances;
MTS, EPT), with NST being a combination of both categoffi#sk et al., 2012; Gabriels et

al., 2010) As the MMIF combines several metrics into a single evaluationiegrates several
aspects of ecosystem functioning and ecological integrity, which also tends to enhance
reliability and robustness of the index. Namely, in case a specific metric was not measured
accurately, or in case of accidental outliers, othetrics may still be able to smooth out the

end result to some extef@abriels et al., 2010)

However, as mentioned Bawlowski et al. (2018)Jow taxonomic resolution at the level of
family or genusmay limit assessing thdegree of degradation or its causality, especially in

environments where multiple stressorsapparent. Even though a lower taxonomic resolution



may prove to be more practical, it malgopose some challenges in relating lower index values
to the actual root of the problefror instancef. Chironomidaeencompasses a large number
of generaand specieBecause thesmnexhibitsubtler differences in ecological quality of the
stream, information may be lost when this group is identified at family [&Valte et al.,
2004)

1.4.Metals and metalpollution

Metalsand metalloidge.g. arsenicareamongthe most widespread typef pollutants as a
reault of the technical revolutioand metallurgyalthough theyan alsariginatefrom natural
phenomenauch asock weathering and volcanic eruptioff2alma et al., 2015; Shikhova,
2017) In terms of humandivity and emissions into water, mining and industry are among the
biggest point sources of metals released into the environthengh metalcan alsostem
from diffuse sources such as atmospheric deposition, wearing of tiresmanitipal
wastewate{Nordberg et al., 2015)

Metals are characterized by their persistency in the environmgihtshowing elevated
concentrations in soils long aftére initial release walsaltedor decrease{@e bnge et al.,
2008; Groenendijk et al., 1999a, 1999Wen thouglsomemetals such as iron (Fe), zinc (Zn)

and copper (Cuareessentiain certainmetabolic processethey arefrequently found to be
toxic tovirtually all lifeformsonce concentrations exceed limits within which orgasisamn
safely metabolizéhe compoundSarkar, 2002)Othermetalssuch as cadmium (Cd) and lead
(Pb), may display toxic side effects evenary low concentrationgNordberg et al., 2015)
Accumulation of metals is a dynamic processquatic ecosystemnibat is a subject of time

and characterized by intensayd specificity of a toxicar(Zaikov et al., 2017)The intensity

of metal accumulation is determined by its concentration in the environment, while its
specificity is related to the met asulbssates nt er a

or (intra)cellular omponentgHare, 1992; Zaikov et al., 2017)

An important aspecbf metal toxicity in the aquatic environment is their resistance to
biodegradation, which may lead toobdccumulation and biomagnificatiowithin the
ecosystem(Palma et al., 2015}Furthermore, metabioaccumulations also a function of
bioavailability, which in turn is determined by biotic (e.g. exchangefases, feeding
strategies competition for binding sit¢sand abiotic factors (e.g. pH, temperature,
complexation)Bervoets & Blust, 2003; Stockdale et al., 2010; Wu et al., 2016)



1.4.1. Metals and diatoms

Studies in metapolluted rivers have shown that diatoms respamdwo ways: & the
community levelwith changes in diversityand at the individual level with changes the
morphology of thi frustules (De Jonge et al., 2008; Ferreira da Silva et al., 2009; Luis et al.,
2009) Metal pollutioncan provoke théormationof teratogeniozalves with modificationsin

the general shap and ornamentatiorf the valves as a result of altered diatom metabolism
(Medley & Clements, 1998; Morin et al., 2008, 2Q12uch frustule deformations include
abnormal valve outlinestregular striation patternsinusual raphe systems aneemll size
reductions due to faults or unfavourable modifications during reproductive pro(fessesso

et al., 2009; Ferreira da Silva et al., 2009though these deformations are rather obvious in
diatom communiesof metatpolluted water bodies, they are usualot taken into account in

most diatom indices.
1.4.2. Metals and macroinvertebrates

Most macroinvertebrates are necamulators otracemetalsi whether essential or not
necessitating detoxification of metaédsg. via excretiomr storagen the organish (Rainbow,
2002) The rates at which metals are accusted and the threshold at which toxicity occurs
varies between spes and functional feeding groups, with shredgmmpers that feed on
biofilm generallyshowing the largest concentrations of mefakrag et al., 1998; Rainbow &
Luoma, 2011)

At the community level, when comparing pristim&er courses with highly polluted sites,
macroinvertebrates show strong shiftgheir community compositiorA study in the Upper
Arkansas River Basin showed referesges(not significantly metapolluted)dominated by
mayflies (O. Ephemeroptera)while moderately polluted sites showed high numbers of
caddisflieqO. Trichopterapnd high abundances for chironom{eis Chironomidaein highly
polluted sitesHowever,these responses were complicated by natkegakonal changes in
macroinvertebrate assemblag€sements, 1994)0ther research confirms thagany (not all

T a continuum of sensitivities can still exist within each order) families of Ephemeroptera,
Trichoptera as well as Plecoptera display metal sensifiBigasley & Kneale, 2003B5uch
shifts are the consequence ioterspecific differences in sensitivitto metals (due to
differences in pysiology or detoxification mechanismsgsulting in populatiohevel effects
that culminate in assemblage shifts from a sensitive to a (more}toletaint communityCid

et al.,, 2010; Luoma & Rainbow, 2005; Schmidt et al.,, 20IDiten, Ephemeroptera,

10



Trichoptera and Plecoptera are considered to be sensitive to metkisgmoom for metal
tolerant taxa (e.g. F. Chironomidae) when environmental concentrations in@els®gnet

al., 1999; Clements, 1994urthermore, macroinvertebrates haeenshown to develop some
degree of adaptation to chrometal exposurecomplicating the interpretation of species and
community responses to metaintamination(Groenendijk et al., 1999a; Loria et al., 2019;
Postma & Groenendijk, 1999)nterestingly, recent research has shown an indication for
species with lower migration ratés show an adaptive response more quickihplying an
interspecific adaptational differen¢@/eigand et al., 2018 Additionally, small populations
tend to bemore vulnerable to (local)xénctions due to demographic and environmental
stochasticity, limiting their chances of overcoming and surviving the toxic condftiona et

al., 2019; Weigand et al., 2018)
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1.5. Rationale & objectives

In 20062007, a first comparative study was performed on the Dommel. The response of
diatoms and macroinvertebrates was evaluated with respect to the impact of historical metal
contamination of the river. The present study continues this previous regaastished by

De Jonge et al. (2008pn the effects of historical metallurgic activiiy the Dommel. This

activity led to increased concentrations of metals in sediments such asl €d.dhbegs the
guestion whether these increased concentrations are still distinguishable and whether these
have an effect on either diatom or macroinvertebrate communities today. Given the recent
changes in diatom taxonomy and the measures taken urke@r&gulation, it is important to
evaluate whether these changes have an effect on pdesewater quality.

The centralquestionin this dissertations: i Des the historical pollution of the Dommel still
affect diatom and macroinvertebrate communitiethe river today? And, by extension, how
does this transl at e ionn search bfeanswerdheefolléving wat er

hypotheses need to bested

1 Sites downstream of the Eindergatldothe tributary that connects the Dommel to the
point sairce of metal contaminatiori are expected to show elevated metal
concentration$Cd and Zn, particularlyin sediment andissolved invater. Likewise,
metals in macroinvertebrates are expected to show elevated concentrations in
downstream sitesyhile diatoms are hypothesized to show more teratological forms.

T Based on De Jongebs research, diatom com
reflect the decrease in water quality from the metal pollution source than
macroinvertebrate communities. Itigpothesized that diatom community assemblages
will shift to a more tolerantcommunitymore clearljthan macroinvertebrates.

1 More distinct differences in diatom indices between sitesand downstream of the
Eindergatloop are expected, compared to theranavertebratdbased MMIF.

1T Because of the | arge time interval bet we ¢
of sampling is also taken into consideration. Riverine systems are highly dynamic, so
it is expected that this variation will contribute to feiencs between sampling
campaigns. It remains to be investigated to what degree this variation also has an effect
on metal concentrations or index scores.

1 Asaresulbf i mprovements of the Dommel 6s phys

we expect an irrease of its ecological quality comparedm® Jongg2008)
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2. Materials & Methods

2.1. Study area

The Dommel isa lowland river, situatedn the north-easternpart of Belgium(BE) and the
southern parts of The Netherlar{®id.). Only 35 kmof its total 120 km lengtfs located in the
Belgian province of LimburgBleeker & van Gestel, 2007; Waterschap De Dommel, 2020)
The river, part of the Meuse basioriginates on the Kempens Plateau in Peer @) runs
northwardvia Pelt(BE)to 6 s H e roschqNLE wHere it mergewith the Aa to form the
Dieze one of the maniributaies ofthe Meus€Fig. 1) (CIW, 2016; Waterschap De Dommel,
2020) The Dommel is characterized by a sanighgr bed(containing a small fraction of clay)

a width of 57 m, a depth ranging from 0.4 to 1.5 nm, iaregularcurrent velocity varying
between 0.3 and 0.8 rit and neutral waters with a naturally high if@®) content(Postma &
Groenendijk, 1999; VMM, 2020}he latter originatingrom the Ferich clay mineralsn the
soil (Herr et al., 2014)The river ismainly fed by rainwater and seepage flowingoi the
Dommel through a network of tributary streams and ditdf@&®enendijk et al., 1998;
Waterschap De Dommel, 202This networkrunsthrough a mosaic of grasslands, agricultural
fields, forests suburbamandindustrialareasfrom which runoff is discharged intthe river,
leading todirect (e.g.increased nutrient levgland indirect effects (e.g. sharp decreases in
oxygen contentdn its water qualitfCIW, 2016; Herr et al., 2014Theintensive agriculture
(which changed their activity from dairy to intensive livestock farming in the 19f@s)ense
population (approx. 600 000 peoplan the entire Dommgland themultiple wastewater
treatment plantsresulted inan increased amount afissolved elements in surfacand
groundwater(CIW, 2016; PeteleGiraud et al., 2009; VMM, 2014More information on
industrial activity and wastewater treatment plants in the study area can be féyopendix
3A.

The Dommel river is characterized by high metahcentrations due to historical and
prevailing metallurgic activity.Since 1888, a nearby zinc smelten the banks of the
Eindergatloop (a tributary of the Dommdélas been discharging their effluent inke river
(Groenendijk et al., 19994999b; Waterschap De Dommel, 201Jhis zinc factory is
licensed to discharge high concentrations of zinc, chlorides and sulfates (among others) which
T in combination with the historical contaminatibmnesultedn significant ecological pressure

on the aquatic fauna and flo&@Vaterschap De Dommel, 201®ecause of thihistorical

contaminationpart ofthe river (starting from the merge of the Eindergatloop with the Dommel
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up to the DutckBelgian border) was dredged within the contextafitaminant remediation
(De Jonge et al., 2012)

Finally,in t erms of WFD <classificati oBeek hke dpanmae
(or oLarge Br ook Ke mp e(Maajten BenJdngesebab, 2098, Joehenssd t o
et al., 2002)

N Dommel river

Eindergatloop

N

Zinc factory

Figurel: Map of study area. Enlarged view of the Dommel river investigated in the present study (ret
situated on the border of Belgium and The Netherlands, with measuring sites shown in red (D1 to D7).
flag indicates location of zinc factory dischang into the Eindergatloop. Letters indicate tributaries of
Dommel (excl. Eindergatloop): Heidelossing (A), Kleinbeek (B), Bollisenbeek (C), Peerderloop (D
Molenloop (E). Blue arrow illustrates stream directiBtue dots indicate additional sit¢B5, D8) used in
De Jonge et al2008). Map adapted from Postma & Groenendijk (1999) and De Jonge(20@8). See
Appendix 3 for morénformation on the study area and sites.
A total of six sampling point§D1, D2, D3, D4, D6 & DY, stuated between PelBE) and
ValkenswaardL) i a few kilometres across the Belgian bofiderere selected for the present
study, based on previous work dye Jonge et al. (2008Additional information on these
samplinglocationscan befoundin Figure 1 and Appendix3B. Previously, these sites were
selected based on accessibility dadbeingpart of a larger Flemish network ofonitoring
locationsregularly evaluated by VMNFlanders Environment AgencyBecause of the known

point source of contamination (the zinc factory), the sampling points located upstream of the
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merge with the Eindergatloop (D1 & D2) are considered as reference sites and are located 8.25
and 1.20 km upstreanm that order. The other sites (D3, D4, D6 &;ID5 and D8 were used

in De Jonge et al. (200&ut were omitted hepeare located downstream of the merge at
approximately 0.20, 2.10, 4.40 and 7.60 km downstream, respectivédyal, threesampling
campignswereperformed:17 April 2019(A), 21 August 2019B) and 24 January 20ZC).

2.2.Physicochemical characterization of water

For each samplingampaign a thoroughly prevashed 10 L bucketMQ, EMD Millipore,
Billerica, USA) wasrinsedseveral timesith river water, after which new river wateras
collected and brought to the river barflemperature (°C), acidity (pH), oxygen saturation
(%0), dissolved oxygen (mg/L) and electrical conductivity (EC; puS/emje measuredn
situusing éhandheld multimeter (MultiLine P4, WTW GmbH, Germanyater samplewere
collected from the river using three 50 mblypropyleng(PP) tubes (3x 6 tubes) and stored
in a portable cooling unit for furthgrhysicechemicalanalysis Two of these samplesere

destined for nutrient analysis while the remaining whsused for metal analysis.

Water samplesereanalysed foNH4*, NOy, NOs, PQ?, sulphate (S¢¥) and chloride (C)
concentrations using a SAN++ Continuous Flow Analyzer (Skalaalytical B.V., The
Netherlands). The analysigaspreceded by filtration (0.2 um mesh) and acidificatioro(@
mL HCI (37%) per mL samp)eof thewater samplessed specifically for analysis of ROP,
SO and Cl.

For metal analysissubsamplesvere created in 14 mL PP tubes from the remairsatof50
mL samplegone for each samplirigcation); one series of filtered (Chromafil Xtra P28/25;
0.20 um pore size, 25 mm diameter) and one series of unfiltered subsamples, both including a
technical blank usingMQ. Next, subsamplewere acidified by adding0.015 mL highly
purified HNGs (69%; Nitric Acid TraceMetdf Grade, Fischer Scientific UK Ltd., UKer

mL sampleand stored in &eezerat-20°C until further analysis
2.3.Sampling and preparation of sediment

In January 2020 (campaign C¢dsmentwascollectedat each measuring sifEhreerandomly
selected locations at each site were sampled to account for-gattmple variation. Sediment
was collected using a hand lwoperated tgab samplef235 cm3, Petite Ponar, WildcOSA).
Next, sediment wasieved (mesh size df um) to remove rocks and large organic material as

well as homogenization of the sampl&mally, samples were collectéa 50 mL PP tubes;
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prior to further analysi, these samplegerestored at20°C. Sediment samplaseredefrosted
in a water bath (25°C) for approximately 60 nwllowing another step diomogenization
(by means of shaking), sterile 10 mL pipette Wijgseused to scoop and transfer approximately
3 mL sediment to 14 mL PP tubeBhreereferencesamples(320 R Channel Sediment,
European Union, Belgiumyere also addedsing antistatianicro-scoops(140 mm, VWR
International, BA), as well as thretechnical blanks. Following dryin@®@6 hours 60°C)and
cooling down in a dessicator (®irg, approximately 100 mgiasweighed (Mettler AT261
DeltaRange0.0001g) using polystyrene weighing boats and transferred to a seriesiagégdre
50 mL PP tubes. Subsequently, the sampie® digested at room temperature (1&g by
addition of 3 mLaqua regia (3 parts 37% HCI, 1 part 69% HN®ext, sediment saples
weredigestedn a hot block for 60 miates(Environmental Express SC1pAfter heating the
samples were removed from the hot bloakd cooled downto approximately room
temperatureThen,MQ waterwasadded to the 40 mL maidnd stored in freeze at-20°C

until further analysis
2.4.Metal analysis of water and sediment

Concentration®f aluminium (Al), chromium (Cr), manganese (Mn), iron (Fe), cobalj,(Co
(Cu), zinc (Zn), arsenic (As), cadmium (Cd) and lead {Rlsemeasured using an inductively
coupled plasma mass spectrometer (7700x-M3F Agilent Technologies Inc.USA).
Whenever a concentratiowmas measured belowhe quantification limit (BMQL; Below
Method Quantification Limit), all further calculations assuhaevalue of BMQL/2 forthose

paricular measuremesit
2.5. Sampling and identification of diatoms

Benthic diatoms were collected bglecting threequally sizegebblesat each samplingite.

Only pebbles submerged in at least 1B cm deep water were used. Each pebblebneshed
extensivelyon all sides exposed to light using a singke toothbrush. Thesulting material

was stored im 50 mLpolyethylene (PE$ quar e bottl e (Graduated Sqg
Kartell S.p.A.i LABWARE Division, Italy) filled with sparkling waer (Wetzel et al., 2013)

In case no submerged pebbles were found (D4 B, diatom samples were acquired by

scraping a hard mamade substrate such as submerged concrete shore walls. While holding a

50 mL PE bottle horizontally and covering the bottle mouth with the thumb (only allowing

space for scraped material to enter tmtainer), scraping was performed in upstream

direction. Samples were fixed by adding 95% ethanol until further preparation.
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For diatom identification, samples were prepared following the method describbad der
Werff (1953) Small parts of the samples were cleaned by adding RBy@fogen peroxide
(H202) (ROTIPURAN?®, Carl Roh GmbH, Germanyandheatedo 80°C for about one hour.
Here, HO> was used a strongly oxidizing agent to remove all organic cell contents, while
preserving the silica valves, as specified by the European Committee for Standardization
(European StandardEN 13946:201% The reaction was completed with the addition of
saturated KMn@ Following digestion and centrifugation (3 ¥0 minutes at 3700pm,
Minicentrifuge CD0412, Carl Roth Gmb}H theresulting cleanednaterial was diluted with
distilled water taavoid excessiveoncentrations of diatom valveSleaned diatom valves were
mounted in Naphra& (Brunel Microscopes Ltd., UK) with refractive index >1.6 (EN
13946:2014).

Identificationof diatom valvesvasconducted according to European Standard EN 2:2004

using an Olympus BX51 microscope equipped with differential interference contrast
(NomarskP) optics and an Olympus UC30 digital camera connected to the cellSens Standard
Imaging Software (Olympus Belgium S.A./N.V., Belgiunm each sample, 400 dam valves

were identified anegnumerated on random transects at x1000 magnificeBiarken valves
showing an intact central area and appropriate characteristics required for identification are
alsotaken into accountg. 2). Taxonomic identification wamainly based obhangeBertalot

et al. (2017)and several monographielsscussing specific genefaee bibliography under
Specific taxonomic literatujeFurthermore, diatom valves exhibiting teratological forms were
also enumerated to estimate the presence and magnitude of contaeiatedt(e.g. metals)

stresqLavoieet al., 2017)

a b C d

Figure2: Brokenvalves showing appropriate characteristics for identifica@oo) @nd broken valves withou
the appropriate characteristids, €l). Fragilaria vaucheriaewith one pole and a central area showrajn
meaning it should be included in a count, wiilshows only a pole and should not be includéitizschia
dissipatadoesnot have an obvious central areais sufficiently intact to be included as opposeddto
From Kelly et al. (2001).
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2.6. Collection and classification macroinvertebrates

65 30-35

c

Figure 3: Structure of the standardized handnet, showing an overview of the handnet with handle (

metal frame holding the conical net (B) and the design of the net (C). Measurements are presente

Adapted from De Pauw & Vanhooren (1983).
Macroinvertebrates wepmllectedusing a handnet followinidpe method describaed De Pauw
& Vanhooren (1983andGabriels et al. (20101 hehandne(Fig. 3) consistf a metal frame
of 200 mm by 300 mm to which a conical net is attached (depth of 500 mm with mesh size of
500 um) with a 1 m shaft fitted to the franésing the handnet,langitudinal stretch of ca. 10
m was sampled during approximately 5 rates taking into account all accessible (aquatic)
habitats Additionally, densely vegetated areas and rocks were manually shaken immediately
upstream of the net and animals manually picked from stones and other material along the same
stretch. The hink iguka nivalsithegardyg eranuddy dbed \substrate.
This technique involves holding the submerged net vertically while avoiding scraping of the
river bed, as this may seriously increase the amount of sediment collected in the net (potentially
hampeing sorting later on). While kicksampling, bottom material is overturned directly
upstream of the net by foot or ha(@abriels et al., 2010Following a zigzag patterrihe
entire 10 m stretchwas sampled to maximize diversity with respect to collected
macroinvertebrates and their correspondingcro-)habtats. Before collecting all material
caught into preinsed buckets (acidiashedand rinsed with MQn case of August 2019
thoroughly washed with MQ in case of April 2019 and January 2®26 netwaswashed in
river water to remove excess sediment (dodoughly washed after sampled matenedibeen
collected to prevent contamination between sampling locations). In case of sampling D7 in
April 2019 and August 2019, the 10 m stretediskicksampled more extensively (at the right
bank) given part of thever wastoo deep due to extremely high water levels.
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All collected materiawas thoroughly examined for presence of macroinvertebrates. Upon
return tothe laboratory contents of each bucket were emptied in a white sorting tray
Furthermore, in case ekcess/e amounts of material, samplegresubdivided irtwo or four

pars before counting (and counts multiplied accordingly afterwakésgroinvertebratesere
identified using a stereo microscope (Leica S8 APO, Leica Microsystems Belgium BVBA,
Belgium) to either family, genus or an intermediate level for all taxa based on taxonomic levels
defined byDe Pauw & Vanhooren, 1983\l taxonomic identification levels are included in
Appendix 2.In August 2019, sorting trays and othetused pieces of equipment were acid
washed between sorting of different measuring sites to prevens-aomination.

Specimens of three taxonomic groups were collected separately for metal analysis (see later).

To assess biological water quality, MMIF valuesre calculated for each sampling location

and season, based on five parameters as descriligahioiels et al(2010) see earlier.
2.7.Metal analysis of macroinvertebrates

Abundanceanalysis of thanacroinvertebrates sampledApril 2019 (campaign A)showed
thatAsellus aquaticugOrdo Crustaceal;alopteryxvirgo (Ordo Odonata) an@hironomidae

sk. Prodiamesina€Ordo Diptera)were among the mostonsistently foundaxa along all
measuring siteanaking themsuitable foranalysis of endogenous metal concentratiéss

such, these three taxa were separated during the sorting procedure of the August 2019 samples.
Once separatedaeh individual waslotted dry using sterile paper and collected in-pre
weighed (Mettler AT216 DeltaRange, 0.0001g) and-gyred Eppendorf tubes (48 hours,
60°C). Three replicates of three live specimens were collected per site and taxon, in addition
to three reference samples (SRM76, NIST, USA) and three technical blanks and stored in a

freezer at20°C until further analysis.

Upon sample retrievalwet weights of macroinvertebratesre determined Subsequently,
samplesveredriedfor 48 hoursat60°Candcooleddown in a desiccator (Dhrg, after which

the corresponding dry weightgere determinedTo verify and enhance accuracy of weight
measurements, an additional weighing stexs introduced using aluminium cups (VWR
Round Weighing Dishes, 0.35 mL) and a precision scale (Sartorius SE2riitt@balance,

0.01 mg). In terms of weighing accuracippendorf (polypropylene) tubes may show high
levels of variability with respect to their weights (e.g. electrostatic charge), while aluminium
cups do no{B. Slootmaekers, University of Antwerp, pers. commfjer collecting all dried

and weighed sammen predried 14 mL PP tubes, samplesrestored in a desiccator until
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further sample preparation for metal analydie. initiate sample digestion, 0.5 ntiNOs

(69%) was added to each tube. After 12ur digestion at room temperatufevernighj,
sampleswvereplaced in a Nalgene safety carrier box (36.88.4x 17.0 cm) for microwave
heating digestioriBlust et al., 1988)Samples are sequentially heatedx(3 min at 100 and
180W) and left to cool down approximately 10 mmiext,50 pL HO2 (30-32% wi/w (Primar

Trace analysis grade), Fischer Scientific UK Limiteldk) was addedAfter waiting at least

30 min, samples are heated in the microwave ¢Amin at 300W), cooled down to approx.
room temperature, after which MQ water is added to the 10 mL mark. Theplesawere
stored at 8°C until further analysis, which was conducted using an inductively coupled plasma
spectrometer (7700x ICHS).

2.8. Additional calculations and statistical analysis
2.8.1. Metals in waterin sediment and biota

For statistical analgs, only metal concentrations dissolved in wafBltered) wereused (M),

as total metal concentrations are poorly correlated with toxicity in natural waters and may even
overestimate metal toxicitAdams et al., 2020)Additionally, theFlemish ecological quality
standards (VLAREM II) do not include threshold values for total metal concentrations

Extraction recoveries of metals sediment were within 15% of tleertified values for Mn,

Co, Zn and As, while suboptimal recoveries were observed for Al, Cr, Fe, Cd and Pb. At the
same time, extraction recoveries for metals in biota were within 15% of the certified values for
Mn, Co, Cu, Zn and As, while suboptimal ogeries were observed for Al, Cr, Fe, Cd and Pb.
Given the inconsistent measurements for Cr between metals in sediment and metals in biota,

this element was corrected according to the respective extraction efficiencies.
2.8.2. Toxic units (TU)

Togainasingleandgener al i mpression of toacusta(petards po
be calculated and compared between sites. Thevéité calculated for metals measured in

water (dissolved)and biota. For metaldissolvedin water, the measured concetitbas are

divided by the available EQS (VLAREM II; WFD 200&)nly the mean of these TUs is used,

which represents the average TU for a given sarfjolemetals in biota (for each of the three

taxa), measured concentrations are divided by the lowest ¢ostaam found in each of the

taxa. Thebiota under consideration comprisgdalopteryx virgo, Asellus aquaticusand

Chironomidae (sF. Prodiamesinae for all points exceptRrodiamesinae in D6).
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2.8.3. Diatomindex calculations autecology

Diatomindiceswere calculated using OMNIDIA (version 5.5, 2014). This software package
is designed for evaluation of water quality, management of diatomic inventories and calculation
of diatomic indicegLecointe et al., 1993)ndices used in the presenpoetincludelPS, TDI

and IBD. Additionally, autecological attributes were calculated basedeonpdated data in

Van Dam et al. (1994)A.Mertens, Diatomella, pers. comnuying the 20 most abundant
spedes of eachsampleand usinghe most recent list of autecological scopeen Dam et al.,
1994)Usi ng ecol ogi cal information on diatom
can bederived This informationincludes attributessuch aspH (R), salinity (H), oxygen
requirements (O), saprobity (S) and trophic state (T). For each ofatiabates, a weighted

mean score is calculated which corresponds to a specific classification for said afteleute
Appendix 1) The score for a specific ecological indicator can be calculated by multiplication
of a t axon®d & aasample with itscinglicative class valueand calculating a
weighted average across all taxa in the sample,withas the total nurrdr of valves used for

the calculation.
2.8.4. Multimetric Macroinvertebrate Index Flanders (MMIF)

The MMIF is calculated using five metrics (see 1.3.2): TAX, EPT, NST, SWD and MTS.
Because each metric is described by a different unit, they are rescaled torarsgioig from

O (6bad ecological qualityd) to 4 (6high eco

expertreviewed reference values for each metric and type of water beefppendix 4for

more information(Gabriels et al., 20100Once all metrics are assignadcore, these values
aresummed up and divided by 20 to obtain a single index value ranging from O (low ecological
quality) to 1 (high ecological quality).

2.8.5. Statistical analysis

Statistical analyses were carried out in R (R Core Team, 28@fjficancesvere considered
starting at the 95% confidence level (p < 0.05). In this report, (1) the diffareetecen sites

up- and downstream of the point source of contaminatiereevaluated, as well as the effect
of samplingtime (Avs Bvs C; furtherreferred o as O0seasond6). Next,
on all physicochemical variables and all calculated indices was carried_asity, (3)
ordination (Principal Component Analysis) waspplied to further investigate underlying

relationships and to analyse community composition of diatoms and macroinvertebrates.

21

(2



First, (1) the differencebetween sites upand downstream of the putative point source of
contaminatiorwereassessed. All vables were tested for normality using the Shajgifitk

Normality Test and base R diagnostic plots. The assumption of equal variances was evaluated
using the Rest. Differences between variables were assessed using unpairsdntpie

St udetestsd s We |-tests ffas eqtial or unequal variances, respectively). Alternatively,
nonparametric Man#Whitney U-tests were conducted, which were also evaluated using t

tests (in case of unequal variances) to minimize erroneous concl(isasuya, 2001)Further,

the effect of sampling campaigon these variables was evaluated using avaae ANOVA

approach or KruskalVallis rank sum tests (for normally or nraormally distributed variables,
respectively). Poghoc pairwisecompr i sons consisted of Tukeyods

pairwise Wilcoxon tests (using Bonferroni correction for multiple testing).

For the correlation analysis (2), data included all in situ measurements, nutrient analyses, metal
concentrations in wateand sediment along with average TUs calculated for metals dissolved
in water. To clarify, metals in sediment were only sampled in January 2020, of which the
average valuewereused for all three sampling seasons. Further, all calculated indices were
andysed for correlations with all physicochemical variables. Both Pearson and Spearman rank

correlations were considered, as some variables showed deviations from normality.

Lastly (3), ordination techniques were used on the physicochemicaifdagder sanples the
macroinvertebrate and diatom counts. Prigdh&analysis of the macroinvertebrate and diatom
counts, these datasets were screened to remove rare taxa. In case a given taxon was not present
with a relative abundance of 2% in at least one sa(nptle entire dataset)f was considered
6rared and omitt e(dan derViver etfaly RO04Fellowinginiadt ps i s
transformation(excl. pH) to normalize allthree datasets (compressing the high level of
variation present in ecological datdcCune & Grace (2002) Detrended Correspondence
Analysis (DCA) was carried out to decide whether a linear or unimodal ordinatiomdee

should be used. Because the first DCA @atal gradient lengthyf all three datasetsxS.D.

units, Principal Component Analysis (PCA; a linear unconstrained ordination method) was
preferred to investigate underlying gradients of variatlmmgman eal., 1995) These PCAs

are modelled for all three datasets in terms of their location from the point source of pollution
(upstream vs downstream; 0 c 0 n sampting ncantpaignn 6 )
( 6 s e aT® visudlize potential clustegror overlap of samples, polygons (convex hulls) are

superi mposed on either the 6écontaminationdé o
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3. Results

3.1. Physicochemical characterization of water and sediment samples
Physicochemical measurements of water and sediment are preisefAmgrendix5. General
characteristics of water samples are listed in Table 5A. Table 5B and 5C contain metal
concentrations measured in water and sediment, respeclihe\eQS fol"Cd is determined
by CaCQ content, whiclwasestimatedising VMM data fodissolved C& and Md¢* (Briggs
& Ficke, 1977) see Table 5DAverageTU values were calculatedith and without “Co.
BecauseCo dissolved in water showed very large TUs (high Co concentrations compared to
EQS), average TUs were also calculatatthoutCo (TU*).

Table 3: All physicochemical variables measured in water adionsat that were significantly differen
between upstream (D1, D2) and downstream sites (D3, D4, D6indltiding significance levelsi 0.05 <

p <0.10; * =p < 0.05; ** =p < 0.01; *** = p < 0.001). Colours indicate the sites where the variable
significantly higherred = upstream < downstrearnliue = upstream > downstream. See Appendix 6 & 7
more details.

UPSTREAMs DOWNSTREAM
l * ** *k%k
“Fe o) “Cu EC
“Zn NO; *Cd sQ?
“Cd NOs *Pb Ct
Cr i “As
*Mn *Co “Pb

Fe

All variables that shoed significant differences between sites upstream and downstream of
the point source of pollution are presenited able 3.In situ variables such as EC, $Cand
CIwere significantly higher in downstream sites, whifec@ntent andNOs were significanty

higher upstream of the Eindergatloop. For metals dissolved in @&#®r Cu, As and Pb
showed significantly higher concentrations in downstream sites. Additionally, TU* resulted in
significantly higher values in site®wnstream othe point source ofglution. All calculated

TUs for each metal (and calculated averages) are presented in Appendix 5E. Finally, metals in
sediment(®*M) showed significantly higher concentrations for Cd and Pb in sites downstream
of the EindergatloopA complete list of theignificances can be found in Appendix 6. Boxplots
corresponding to all variables tested in sampling campaigns A, B and C are presented in
Appendix 7. Bar plots for the variables mentioned above along all six sites are presented in

Appendix 8, including amdication of the (availabldgQS
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Table4: In situ measurements and metals in water that were significantly different between campaic
and C,including significance levelst (= p < 0.05; ** =p < 0.01; *** = p < 0.001).Next to each variable
coloured letters indicate the sampling campaign in which significantly higher values were measuare
17/04/2019;> = 21/08/2019C = 24/01/2020. See Appendix 9 & 10 for maketails.

CAMPAIGM vs Bvs C

* ** *k%k
pH A NG AC Temp.
pc.Q A Fe AC NH;* AC
PO* C Al ©
NGOy AC Cr @
Cd A Mn @
TU* AC Co AC
Zn AC
TU AC

All in situ measurements and metalsvater that were significantly different between the three
sampling campaigns are presented in Table 4. Most notably, many of these variables showed
significantly higher values in campaign A and [@etals dissolved irwater often showed

higher values in campaign C as opposed to the other campaigns. Campaign B often showed

lower values for these measurements (see Appendix 9 & 10).

3.1.1. Correlation analysis of physicochemig@ndmetals in water

A correlation matrix fothe generalphysicochemical variables and metals in water (along with
average Tland TU% is shown in Figurd. Spearman rank correlation was applied due to some
deviations from normality. See Appendix 11A for the corresponding correlation coefficients.
Furthemore, a Pearson correlation mati$xalso provided (see Appendix 11B) along with
matching coefficients Lastly, a Spearman correlation matrix for all variables

(physicochemistry of water & sediment, indiceshsidered in this thesispsesentedn 11C.

The correlation matrices are shown with a colour gradient ranging from red (negative

correlation) to blue (positive correlation), with darker colours indicating stronger correlations.
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Figure4: Spearmamank correlation matrix of all physicochemical variables, including meliakolvedin
water and corresponding TUs (TU as average TU Wilo, TU* as average TU withoutCo). Three
significance levels are shown (*p=< 0.05; ** =p < 0.01; *** = p < 0.001). The colour gradient indicates tt
magnitude and sign (-)/of a given correlation (blue = positive correlation; red = negative correlation).

3.1.2. Principal Component Analysis of physicochemistry

A PCA graph displayingll in situ measurements and metdissolvedin water is shown in

Figure5, with groupingbased omupstrean( 6 u p 6 ; bdownstreanwietr st s( §down 6 ;
The PCA clearly separat&l and D2 fromall downstream siteacross all three sampling
campaigns. The largest separation occurs along the second axis (Dim2ylatdptaEnts show

overlap along the first axis (DimIpownstream sites appear to be characterized by higher EC
(Cond), Pb, As and Cu, whilestreansites show higher ©values.

When data points are grouped according to sampling campadifferent separation is shown
(Appendix12). Here, campaign B is clearly separated from both A and C, vilaamong one
anothefi are not separated as strongifelargest separation occurs along Dim1, while a lot
of overlap can be observed with respect to Di@@mpaign B mainly differs from the other
campaigns due to higher water temperature, but also due to lower 8@ NQ
concentrations. Additionally, B and @G®@w separation from B based on higher concentrations

for most metalslissolvedn water (Cr, Cd, Zn, Al, Mn, Co, Fe).
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Based on this dataset, Dim1 is responsible for

assigned 31.9%. More information on the contributing variables and explanatory power of the

explaining 45.1% of variatida,Dim2 is

other principal components can be found in Appendix 12. Additionally &&@grams and

supporting graphs where physicochemistry and metasolvedin water are presented

separately can be found in Appendix148

PCA: Water physicochemistry log(x + 1) - contamination
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Figure 5: Principal Component Analysis (PCA) diagral

m of physicochemical characteristics of all

samples, as we#ls metal concerdtions in water, log(x + 1) transformddcluding in situ measurements ¢
acidity (pH), water temperature (Temp.), electrical conductivity (Cond), oxygen saturation (pc0O2), ¢

content (O2). Additionally, concentrations of phosphate
sul fate (S0O4) and chlorid

(PO4), ammoni4)(KHktite (NO2), nitrate (NO3),
e (Cl) are shown alo

(red), referring to sites upstream or downstream of the Eindergatloop, respectively.

3.1. Diatoms
3.1.1. Abundance and diversity
A list of all counted diatommcludingcodes used
of all identified diatom species apeovided inApp

of 202 diatom taxa (including species, varieties and forms) belonging to 54 genera were

for each specias wellasa systematic list

endix 15Aand 15B respectively. A total

observed during the counts (total number of countddesa 7200). Several taxa such as

Planothidiumcf. engelbrechtiand Gomphonemarf

100% certainty up to

. angustatuncould not be identified with

S p e c i eosfedltoandieate a po3sible s e

taxonomic relation to aralready described species. Further taxonomic analysis will be

necessary to confirm their exact taxonomic identity and, fallpresentoutside the scope of

this thesis.
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Table5: A summary of diatom counts across all samples (six siggspled over three different samplir
campaigns A, B & C). Total number of taxa (at species level) is shown along with the Shiamen
Diversity index (SWD; higher values indicate a higher level of diversity in terms of species richne:
species disitbution) and Species Eenness (with values ranging from 0 to 1, indicating either unevenl
evenly distributed populationdgrived from SWDas calculated with OMNIDIAFor each site, a total of 40(
valves were counted.

D1A D2A D3A D4A D6A D7A Average
Taxa 67 43 41 39 40 47 46 £ 11
SWD 4.82 3.23 3.35 3.93 3.87 426 | 3.91+0.59
Evenness  0.79 0.60 0.63 0.74 0.73 0.77 0.71 £0.08
D1B D2B D3B D4B D6B D7B Average
Taxa 31 35 30 42 27 26 32+6
SWD 3.21 2.67 3.08 3.57 3.11 3.38 | 3.17+£0.31
Evenness  0.65 0.52 0.63 0.66 0.65 0.72 | 0.64 £0.07
D1C D2C D3C D4C D6C D7C Average
Taxa 43 43 28 47 37 71 45+ 14
SWD 3.94 3.02 1.86 3.57 3.09 517 | 3.44+£1.10
Evenness  0.73 0.56 0.39 0.64 0.56 0.84 | 0.62+0.16

The highest number of taxa wiasind in samples D7C (71) and D1A (6Whereas in samples
D7B (26) and D6B (26) the lowest species richness was obsdrakle5 shows the species
richness, ShanneWiener diversity and evenness of all samples. It is clear that samples from
the second sapling campaignB) had a lower species richness compared to the two other
campaigns (32 = 6 [B] vs. 4610 [A] and45 £ 14[C]). The 20 most abundant taxa accounted
for more than 82 % of all countedlves (Table). Platessaoblongella(dstrup) C.E.Wetgl,
LangeBertalot & Ector(almost 27%) an&ellaphora nigri(De Notaris) C.E.Wetzel & Ector
(15%) dominated the flora.

Table 6: List of the 20 most abundant diatom species found during this project Ktetalr200 valves).
Percentages calculated as a proportion of the total number of valves.

Taxon Count % Taxon Count %

Platessa oblongella 1935 26.88%)| Sellaphoraatomoides 137  1.90%
Sellaphora nigri 1089 15.13%| Ulnaria ulna 111 1.54%
Planothidiumcf. engelbrechtii 440  6.11% | Gomphonemaf. angustatum 86 1.19%
Gomphonema parvulum 439  6.10% | Navicula rhynchocephala 82 1.14%
Achnanthidium microcephalur 284  3.94% | Stauroneis kriegeri 81 1.13%
Planothidium frequentissimurr 231  3.21% | Navicula cryptocephala 75 1.04%
Nitzschia dissipata 214  2.97% | Prestauroneis protracta 74 1.03%
Nitzschia palea 163  2.26% | Fragilaria pectinalis 72 1.00%
Sellaphorasaugerresii 161  2.24% | Frustulia vulgaris 71 0.99%
Planothidium lanceolatum 160 2.22% | Mayamaea permitis 63 0.88%
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3.1.2. Diatom autecology

The autecological characteristics for all samples were calculated based on the (updated)
ecological scores acating to van Dam et al. (1994) (Appendip6A). Table 7 shows the
average scores for all ecological attribu{sse Appendix 16B for individual scores per

sample)

Table 7: Averagén = 6, S.D.)autecological attributes per sampling campaign (A, B and C), based o
Dam et al. (1994)See Appendix 16B for scores calculated per sample.

pH (R) Salinity (H) 0 (0O) Saproby (S)  Trophic state (T)
A 3.2+0.2 2+0.1 25+0.3 3+0.2 45+0.3
3+04 1.8+0.3 24+0.7 29%0.6 4+0.8
C 3.2+0.2 2x0.1 24+0.2 2904 4.3+0.3

No significant differencebetween the three sampling campaigns wewend Sampling
campaign B shows lower values for salinity and trophic state. Analysis of the individual
samples shows that these differences are mostly likely due to lower values for the samples
D3B, D4B and D5B. No differences wersbservedetween samplingacnpaigns A and C.
3.1.3. Diatom indices: IBD, TDI & IPS

Table 8: Calculated Trophic Diatom Index (TDI), Specific Polluosensitivity Index (IPS) and Dia

Biological Index (IBD) scores for each sample based on diatom counts. The TDI is scored as a per
while IPS and IBD are both converted to scores on 20.

D1A D2A D3A D4A D6A D7A

TDI (%) 51.8 40.8 45,0 57.0 48.7 67.9
IPS (/20) 14.6 14.8 14.3 13.2 14.7 10.6
IBD (/20) 14.7 15.4 15.0 13.7 14.8 11.7

D1B D2B D3B D4B D6B D7B

TDI (%) 38.2 41.5 75.4 55.5 62.8 74.7
IPS (/20) 180 13.0 10.8 13.5 11.5 76
IBD (/20) 16.3 14.7 12,0 14.3 12.8 10.3

Di1C D2C D3C D4C D6C D7C

TDI (%) 61.9 38.5 31.3 45.0 46.8 69.7
IPS (/20) 156 145 16.2 145 12.9 13.1
IBD (/20)  14.6 15.3 16.8 15.3 14.1 12.9

Table 8 shows the results for three calculated diatom indices (IPS, TDI and IBD). No
differences between the sampling campaigns were fApgendix 17) TheTDI scores varied
between 31.3 and 75.4%. Next, IBBowed values ranging frofh6 to 18. Lastly, scores
ranging betweed0.3and16.8were found for IBD. Both IPS and IBBEhowedsignificantly
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higher index scores in sites located upstream of the Eindergalladpermore, TDI showed

higher scores in downstream sjtakhoughonly atrendwas found0.05 <p < 0.10).

Correlations between the diatom indices and the different physicochemical parameters
measured during samplingre shown inAppendix 11C and 11DSignificant negative
correlations were foundetweenTDI and NG (p < 0.05) anca positive correlation witfCd

(p < 0.05) Other positive correlations were shown for Wigh “Mn, “Co, °Cr, *Mn, °Fe and

%Co (p < 0.05)while negative correlations were found with water temperaturear@*Cd (p

< 0.05) Lastly, positive correlationsere observed for IBD and NQp < 0.01) as well as a

negative correlation witfCd (p < 0.05)

3.1.4. Diatom @mmunity compaosition
Based orthe Principal Component Analysislifferent groupings of samples could be made,

usingeitheranb uper sus dovmad s meEdmpdigh) scenari o.

Diatoms insites downstream of the Eindergatloopre separated mostly along the first PC

axis (Dim1), while a lot of overlap is observed on the second PC axis (Diu@itionally,

clusters show a large degree of spread along both axes, especially in terms of D1 and D2 (see
Appendix18 for PCA graph)Some differences can be observed ftbemcombination of the

PCA and diatom abundance data. For instance, sites deamstf the Eindergatloop can be
distinguished from upstream sites based on a lower abundaRtedsaoblongellg as well

as higher abundances fdeomphonema parvulun(Kuitzing) Kitzing Planothidium
lanceolatum(Brébisson ex Kitzing) LangBertalot Nitzschia palegKutzing) W.Smithand

Sellaphora saugerresfDesmazieres) C.E.Wetzel & D.G.Mann

On the other hand, theffect of the sampling campaign seemed to be largéy. ). A
separatiortan beobserved along the second PC axis (Dim2), despite a large degree of overlap
along the first axis (Dim1). Diatom counts for campaign B and C are strongly grouped along
Dim2, but show a large degree of spread along DiBdth axes cumulatively explain
apprximately 38% of all variation in the diatom count ddtaterms of the most dominant
taxa, all sampling campaigns showed high similarity. Looking at less dominant species,
however, shows clearly higher numbers of species belongiggrtera such aBragilaria
Lyngbye and Ulnaria (Kutzing) Compére, with PCA arrows pointing strongly toward

campaign A.

For more information on axis contributions, PC scores and enlarged graphs, see Apgendix
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PCA: Diatoms log(x + 1) - season
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Figure6: Principal Component Analysis (PCA) of diatom countegdéog(x + 1) transformedsroups consist
of sampling campaigns A (green), B (orange) and C (blue). Variables shown in red represent diatom
of which the corresponding codes can be found in Appendix 15A. Enlarged graph in Appendix 18.

3.1. Macroinvertebrates
3.1.1. Abundance and diversity
A list of all counted/estimateghacroinvertebrates list with codes used for each spe(iSA,
see later)as well as systematic overview of all identified taxa are providedppendix19.

At total of 10960 macroinvertebrates were counted/estimated, involving 57 different taxa.

The highest number of taxa was found in samples D3B (29) and D6B (27), while samples D6A
(13) and D1B (15) displayed the lowest taxa richness. These metrics are listed for all samples
in Table9 along with Shannoiwiener diversity and evenness. Taxa richness appears to be
highest in campaign B4 + 6) compared to the other campaigns. Furtherptbee20 most
abundant macroinvertebrate taxa identified during this project represent over 95% of all
counted individuals. Chironomidae ntummiplumosus Simuliidae and Asellidae were the

most abundant taxa and represent over 45% of all counted maatebratesTable10).
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Table 9: A summary of macroinvertebrate counts across all samples. Total number of counted/es
macroinvertebrates, total number of taxa, rittaWiener diversity index (SWD) and Species Evenn
derived from SWD.

D1A D2A D3A D4A D6A D7A Average
Total 1060 874 1401 700 335 372 790 £ 411
Taxa 25 22 23 19 13 20 20+ 4
SWD 1.96 2.29 1.69 15 1.39 2.34 1.86+0.4
Evenness 0.61 0.74 0.54 0.51 0.54 0.78 0.62 £0.11
D1B D2B D3B D4B D6B D7B Average
Total 675 546 1027 326 699 339 602 + 262
Taxa 15 28 29 19 27 23 24+£6
SWD 1.11 2.4 2.19 2.22 2.24 2.48 211+05
Evenness 0.41 0.72 0.65 0.75 0.68 0.79 0.67 £0.14
D1C D2C D3C D4C D6C D7C Average
Total 314 527 516 567 267 415 434 +123
Taxa 17 18 22 22 20 21 20+ 2
SWD 1.96 1.85 2.14 2.02 2.28 2.02 2.05+0.15
Evenness 0.69 0.64 0.69 0.65 0.76 0.66 0.68+ 0.04

Table 10 List of the 20 most abundant macroinvertebrate species found during this projedtl £at8960
valves). Percentages calculated as a proportion of the total number of macroinvertebrates.

Taxon Count % Taxon Count %

Chir. nonthummi-plumosus 442  24.54%| Sphaerium 43 2.37%
Simuliidae 221  12.28%)] Calopteryx 41 2.29%
Asellidae 200 11.14%] Erpobdella 38 2.10%
Hydracarinas.|. 123 6.86% | Baetis 28 1.57%
Gammaridae 112 6.24% | Physas.s. 22 1.25%
Tubificidae 96 5.31% | Limnephilidae s.I. 14 0.78%
Pisidium 85 4.74% | Dugesiss.|. 13 0.71%
Lumbricidae 81 4.53% | Hydropsychidae 11 0.63%
Helobdella 74 4.13% | Polycelis 10 0.57%
Lymnaess.|. 67 3.75% [ Chir.thummiplumosus 10 0.57%

3.1.2. Metals in macroinvertebrates

Metal concentrations were measured in three macroinvertebrate taxa collected during
campaign BSignificant differencesverefound for metal concentratioms Asellusaquaticus
Calopteryxvirgo and ChironomidaésF. Prodiamesinaen Asellus metals suchs Zn, As, Cd

and Pb were significantly higher in sites downstream of the Eindergatloopatemteryx Al,

As, Cd and Pb were significantly higher in downstream sites, although Mn and Co showed
higher concentrations upstream of the point source oftpmiluThe only metals that showed
significant difference in Chironomidae were As and Pb, both showing higher concentrations in
downstream siteSee Tablel 1 for significant differences between-ugnd downstream sites
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for metalsdissolvedin water, sedimat and biota. Furthermore, athetal concentrations
measured in these organisms, as well as the calculated TUsweaemted in AppendiR0.
Statistical results and corresponding graphs are presented in Apgéndigludingbox plots
and bar graphs

Table 11: Metal concentrations in biotaAgellus aquaticuys Calopteryx virgo Chironomidae sF.
Prodiamesinad)etween sites umnd downstream of the Eindergatloop. Colours indicate the sites whel
variable was significantly highered = upstream < downstreanjue = upstream > downstream. Se
Appendix 6, 7 & 21 formore detailsToxic units (TU) were not callated for metals in sediment (sed
Significance levels are includéf= 0.05 <p < 0.10;* = p < 0.05; ** =p < 0.01; *** = p < 0.001).

Al Cr Mn Fe Co Cu Zn As Cd Pb TU TU*

Metals (water)

Metals (sed.)

Asellusaquaticus

Calopteryxvirgo

Chiroromidae (sF.
Prodiamesinae)

3.1.3. Multimetric Macroinvertebrate Index Flanders

All metrics used for calculating the MMIF are providedAppendix 22.These calculations
resulted in MMIF values (Table 12anging from 0.35 to 0.70, with an average of 0.57 + 0.09
across all samplesd sampling campaignisiterestingly, both of the lowest and highest values
were found in D6A0.35)and D6B(0.70) respectively. No significant correlations were found

for MMIF and other environmental variables (Appendix 11C, )11Eurthermore no
significant differences were found for MMIF in upstream versus downstream sites, nor was

there a significant difference between sampling campaigns.

Table12: CalculatedMultimetric Macroinvertebrate Index FlandeMNIIF) scores for all samples across ¢
three campaigns (A, B, C) with avera@eS.D,)see Appendix 22 faromplete summary of MMIF metrics.

Campaign D1 D2 D3 D4 D6 D7 Average
A 0.65 0.60 0.60 0.50 0.35 0.50 | 0.53+0.11
B 0.45 0.65 0.65 0.50 0.70 0.60 | 0.59+0.D
C 0.55 0.50 0.65 0.60 0.55 0.60 | 0.58 +0.05
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3.1.4. Community composition

Principal Component Analysis was performed on macroinvertebrate proportionate count data.
Grouping all datapoints according to their location relative to the Eindergatloop (upstream
versus downstream), a large degree of spread and overlap can be olmsdradddroups and

on both axes (Dim1l and Dim2). The same exercise was carried out by grouping according to
sampling campaign (A, B, C). In this case, a large degree of overlap can be observed along

Dim2, with some degree of separation of group A from & Gralong Dim1.

Using the up or downstream location of sites as a grouping factor (Biga couple of taxa

show differences in abundance between theanp downstream groups. Based on the more
dominant specieqderived from abundance datajhese diférences consist of higher
abundances for taxa such as Tubificid&gpobdella Lymnaeas.l. and Physas.s. in
downstream sites along with lower abundancesHwdracarina s.I. and Hydropsychidae.
Grouping based on sampling campaign (Appendix 23) also stiffeences in abundance of

the most dominant taxa. For instance, campaign B shows higher abundances for Tubificidae,
Helobdellg Erpobdellaand Calopteryx as well as lower abundances for Chironomidae non

thummiplumosus

Cumulatively, the two first PCxas explain less than 40% of all variation in the dataset. Both

PCA diagrams and supporting graphs can be foudgpendix 3.

PCA: Macroinvertebrates log(x + 1) - contamination
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Figure7: Principal Component Analysis (PCA) of diatom count data, log(x + 1) transfofatedps consist
of sites upstream (blue) and downstream (red) of the Eindergatloop. Variables shown with red arrows r
macroinvertebrate taxa of which the corresponding codes can be found in Appendix 19B. Enlarged 1
Appendix 23.
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3.2. Comparison of diatom and macroinvertebrate indices
The MMIF did not show any significant correlations with any of the diatom in(icdde 13)
However, TDI showed strongly negative correlations with both IPS and IBD. At the same time,
IPS values displayed a stroagd positive correlation with IBD. See Appendix 11C for the
corresponding correlation matralong with all other physicochemical variablearthermore,
a bar graph of all biotic indices shown inFigure 8 (all indices are normalized to a range
betweerD and 1 to facilitate comparisorfgoth IPS and IBD show similar gradients, showing
adecrease from D1 and D2 toward the downstream (§#$o D7) The gradient of TDI runs
in the opposite direction (increasing from D1 and D2 toward Dagtly, MMIF soresappear

highest in D3, while the other sites are relatively similar.

Table 13: Spearman rank correlation matrix using all calculated biotic indices. Lower left panel <
significanceg* = p < 0.05; ** =p < 0.01; *** =p < 0.001) while the upper right panel shows correlatio
coefficients.

MMIF TDI IPS IBD
MMIF / +0.141 -0.280 -0.160
TDI ns / -0.759 -0.916
IPS ns FE / +0.940
IBD ns Hokk Hkk /

Average index scores along study area

Point source
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Figure 8 Bar graph showing all calculated indices (MMIF = blue; IPS = red; TDI = yellow; IBD = gre:
S.D. (error bars). To allow comparison, all indices were normalized to a range ¥eetical line (dashed;

- -) indicates location of point source ofr@amination.
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4. Discussion

Physicochemistry of water and sediment

Electrical conductivity (EC), N®, SQ? and Ci were significantly higher immediately
downstream of entrance of the Eindergatldop, D4, D6, D7)across all campaigm®mpared

to the upgeam sitegD1, D2) Apart from NQ’, these metrics showed values exceeding the
Flemish EQS from sampling points D3 to O'he sudden increase of $Cand Ci at site D3
followed by a gradual decrease is likely caused by metallurgic activity embankédt on t
Eindergatloop, ashese areften generatedhs a secondary produg@tlyrstar, 2019; Petelet
Giraud efal., 2009) which in turn affects EC

Water samplesdownstream of the merge showed significantly highessolved metal
concentrations fofCu (in ug L%, up: 1.7+ 0.8, down:2.8+0.6), YAs (up: 1.8+ 0.4, down:3.8

+0.7) and“Pb(up: 0.1+ 0; down:0.3+ 0.1), along with trends for elevaté@n (up: 79 + 45

down: 126 + 50) and*“Cd (up: 0.2 £ 0.1, down: 0.3 £ 0.2). Of these element§Zn and"Cd
exceeded Flemish EQS in virtually all samplexluding at the upstream siteshile YAs
consistently showed values exceeding the EQS starting from D3 onward. Additionally, a
significantly higher*TU* (up: 1.3+ 0.8 ; down: 2.3+ 1) was observed in downstream sites,
indicatingpotentiallyelevated levels of toxity. These observations largelgree with findings

of De Jonge et al. (2008nd areamost probablycaused by discharge from the Eindergatloop
into the Dommel. Further bolstering this statement is the gradientieh wiost of these

metrics sharply increase at sampling point D3, followed by a gradual decrease toward D7.

The results also show a slight effectsaimpling campaignNotably, nutrients together with
“Zn,"Cd and TU showed the lowest concentrations inpzagm B. A possible explanation for
theselower values could be found in the weather archfesieteoblugmeteoblue, 2020)
Precipitation data indicate an increased amount of rain prior to sampling-@Q 8 approx.

15 mm). Possibly, this affected the physicochemistry of the Dommel by dilution and/or
increased celerity of the river. Additionally, rain is typically chandoeel by increased acidity
(André et al., 2007)which is also reflected by the significantly lower pH found during
campaign B. Nonetheless, whether this volume of precipitation was sufficient to cause a
physicochemical shift is another question entirely, whicmotibe covered within the scope

of this thesis.
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In sediment, significantly higher concentrations@d (in pug g*, up: 0.6+ 0.3; down: 2.9+ 2)

and®Pb (up: 10+ 2; down: 19+ 10) were foundn downstream sites as opposed to upstream
whereas on the othéand, a significant increase could not be observetZforConversely,

%Co (up: 12+ 9; down: 2+ 2) was shown to besignificantly higher in upstream sites.
Concentrations exceeding the Flemish standards were observed in sigsfat Zn (D1,

D3, D4) and®As (D1, D6), while*Cd was found to exceed the EQS starting from D3.
Additionally, D3 sediment showetCu concentrations exceeding the EQS. Given s&Ch
concentrations were not found in any of the other sites, a local pollution source was likely
responsible for this measuremeavietals such a¥Cr, SFe and’As showed high concentrations

in D1 relative toD2 and he downstream site¥hese elements wermt statisticallydifferent
between sites upand downstream of the Eindergatloop and often did not concur with
observations made for metals dissolved in watkerefore, it is not completely clear why D1
showed soh elevated levels of these metals. Possibly, other historical contamination upstream
of D1 could explain this anomaly, as similar trends for these metals were not consistently found
in water measurements. Additionally, similar patterns were not fouhd aaime sites 15 years

ago (De Jonge et al., 2008)ndicating that another external factor may be the cause. An
interesting observation was the lack of a significant increasgnoin downstream waters,
given the historical metallurgic activity (e.g. Zn, Rbhstma & Groenendijk (1999)n the

area. However, elevated concentrations at D1 (whiadalso observedbr several other metals

in sedimente.g. Cr, Mn, Ay | i kely O0maskedd finding a di
downstreamnsites.To clarify, metals such a&n showed high concentrations in Dvhich
decreased in D2. In D3Zn concentrationa sharply increased again, followed by a gradual
decrease toward Dh addition,sediment remediation (2007) was carried out along the course
of D3 to D6 to alleviate some of the historical contaminatida Jonge et gl2012; Van
Thuyne et al.2009) Compared to data from 1995 (VMM), sedimeatnediation of the
Dommel resulted in loweCd and®Zn concentrations. This does not appear to be the case for
*As or°Pb reported here. Important to note is that this comparison is far from conclusive and

only serves as an indicaticas recent data isohreadily available.

Someof these resultsan becomparedvith De Jonge et al. (2008)ho also performed in situ
measurements of EC, $0and Ci, as well as metals in water and sediment (Zn, Cd, As, Pb).
Values reported here show similar EC+3@nd Cl values in upstream sites (D1, D2) as those
reported by De Jonge et £008) while we found higher values for EC a@tiin downstream

sites (especially in D3 and D4). On the other hamul,CI measurements show lower values
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as those comparetth De Jonge et al. (2008\s mentioned earlier, the significant elevation

of these variables in downstream sites may be related to industrial discharge into the
Eindergatloop. Compesons for metals dissolved in water show increasedaficentrations

acrossall samping sites compared to those reported in 2008. At the same tim&s@dd Pb

in waterhave decreased in downstream siédihough As shows higher concentrations irssite
upstream of the Eindergat | ovetalsicsedimpeatshowed t o De
lower concentrationsinbothupnd downstream sites for Zn anc
data. For As, we found lower concentrations downstream, but higher c@tiogrst upstream

of the Eindergatloop compared to 2008. For Cd, sediment concentrations have decreased in

downstream sites and stayed similar in sediment collected upstream of the Eindergatloop.
Diatoms

Sampling methodologyas chosen to avoid the presence of planktonic and epiphytic diatoms
in the sample which may obscure a correct indication of the water qufality sampling sites
Negligble numbers o€occoneisvalves (a typical, almost exclusive epiphytic speciesher t
almost complete absence of members of the gestemhanodiscysCyclotella and
Cyclostephanogmostly planktonic genera) were observed, indicating that there was little
influence of periphyton or planktonic diatorflddkansson & BaileyVatts, 1993; Majewska

et al.,, 2014) Planktonic diatoms could have drifted into the sampling site, but actually
originated from much further upstregBolgovics et al., 2017)On the other hand, a higher
proportion of epiphytic diatoms would only indicate the presence of submerged aquatic plants
or helophytes and not reflect the reaiter quality value.

Diatom communities showed lower species richness in sampling campaign B. A possible
reason might be the lower nutrient concentrations that favour the dominance of several species
whereas many others did not seem to survive. This nhigi# caused a shift in community
composition(Orefice et al., 2019; Sgro et al., 2007)

In general, the observed diatom flora indicates that the water has an @htwsineutral pH
(R = 2.43.6), a relatively low salinity (H = 1i2.1) and fairly high to moderate oxygen
saturation (O = 11%.5). Saprobity scores (Ianged fronb-mesosaprobou@.2) to almost)
-mesa/polysaprobou$3.8) pointing tanoderate levels of organic pollutiofhe trophic state
of the Dommel samples, as shown byTreeores (3.24.9)varied between mesofeu)trophic
and almost eutrophisystems It must be notedhowever that often less than 70%&and in

many cases eveless than 50%0f the diatom flora was included in the analysis as most
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diatoms were classified as being indifferent (score = 7). The latter had to be excluded from the
analysisTheseresults of the calculated ecological scdrem Dam gal., 1994)did not show

clear differences between -upnd downstream sites.céording to the most abundant diatom
taxa, dower salinity(H) was observed in campaign B, which could be linked to the increased
precipitation in the week prior to the saing. Such an effect of precipitation on autecological
attributes was not observed for all other parameters, nor was H statistically different between
sampling campaigng he trophic state (T) of the Dommel in August 2019 was not statistically
different fom the other two sampling periodgher, even though some lower values were
reported. However, differences in T may have been masked due to high numbers of indifferent
species. These indifferent taxa are excluded from the analysis as they lack a plgar tro
preferencgvan Dam et al., 1994 herefore, iis possible that a shift in species composition,
favouring more indifferent species, did not reflect the lower nutrient levels that were measured

in campaign B.

Diatoms are characieed by their outer silica cell wall. This cell wall is built after every cell
division and canthereforegive an indication of the environment in which the diatoms were
living (Falasco et al., 2009; Round et al., 1990hder the influence of increased levels of
metals or pesticides, diatom frustules may show morphological deformations. Tiuaedledo
teratological forms can be used asiadicator of increased metal or pesticide pollution
(Falasco et al., 2009; Lavoie et al., 201n) the present study, only a very low number of
teratological valves was found in downstream sites but this number wasmlgenot higher

when compared to the upstream sites. As this number is difficult to distinguish from naturally
occurring malformations (background noise), there is no conclusive evidence for impact of
metals on diatom metabolism in the Dommel. Perhapsesdrations were not high enough to
instigate any morphological changes, or the diatom communities were able to resist elevated
concentrations of metals. Diatoms seem to possess phenotypic and adaptive mechanisms to
cope with elevated metal concentratiorSor instance, diatoms show resistance by
complexation and immobilization of metal complexes outside of the cell, can decrease the
permeability of their cell membrane or simply excrete the toxi¢kidrin et al.,, 2012)
Alternatively, elevated metal concentratiom®uld have caused inhibited growth or
malformatons of cells. In this case, the most sensitive taxa have already disappeared and the

community has shifted to a more tolerant @ralasco et al., 2009; Ivorra et al., 2002)

Based on the principal component analysis (PCA) two distinct patterns could be obskeeved. T

first seems to indicate differences between sampleangpdownstream of the Eindergatloop,
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as shown by a separation of the samples along the first axis. Nevertheless, apart from the
spread, there is also quite some overlap, which illustrates a kigjtofesimilarity between the

two groups.This observed similaritymplies that sites upstream are also exposed to a certain
level of pollution Sites downstream of the Eindergatloop are primarily distinguished from
those upstream based on somewhat lolwendances dPlatessa oblongellaas well as higher
abundances faother species such & mphonema parvulunThe ecological preferences of

P. oblongellaare unclearThe species has a tendency to occur in a wide range of ecological
conditions and has a merate tolerance to anthropogenic acidification, although it is often
found in waterghat are relatively clear of anthropogenic disturbafWetzel et al., 2017,
LangeBertalot et al. 2017)n Sweden, for instancP, oblongellas often found in more acid,
mesotrophic conditions and disappears when nutrient levels exceed eutrophic Aevels (
Jarlman, Jarlman Konsult, pers. comrAf)the same timeG. parvulumis a typical pollution
tolerant species, preferring high nutrient levels and tolerating increased metal pdlatige
Bertalot et al., 2017; Wetzel et al., 201¥Moreover, findings otvorra et al (2002)suggest
thatG. parvulummay develop genetic metal adaptation resulting from chronic exposure in the
field. Further,P. lanceolatumalso has a very broad ecological amplitude. It appears in
circumneutral to alkaline waters, is common in oligptric to polythropic waters, and favours
conditions of low organic pollution and high concentrations of dissolved oxfigemge
Bertalot et al., 2017; Moreno & Ramirez, 2018y ditionally, P. lanceolatums of interest in
wastewater treatment for its ability to bind metals such as Cd, Cu and Zn to its cellular
structures n a pr o bieser®iod¢Shihi ktald 2004)Finally, S. saugermsii andN.

palea are species that are often found in pollutiolerant assemblages, often together,
however, withP. oblongella(Wetzel et al., 2017)Together withS. nigri N. paleaand S.
saugerresiimake up a group of eutrophic species that show higher abundances from D3
onward. The higher abundances of these species clearly indicate amibm®pogenic
disturbancedownstream of the Eindergatloop. One notable observation is the relatively high
abundane ofPlanothidiumcf. engelbrechtifound in downstream sites. Unfortunately, it was
impossible to identify this taxon up to species level. It shows a similarity to several other
Planothidium species such aP. pericavum(Carter) LangeBertalot or P. engdorechtii
(Cholnoky) Round& Bukhtiyarova(Krammer & LangeBertalot, 1991)Due to this lack of a
positive identification, it is impossible texplain this high abundance, other than using the
ecological characteristics found in the present study. The description of this taxon is currently
ongoing (Van de Vijver et al., unpubl. res.) and one of the samples from this study will be used
as type magdrial, determining its environmental preferences based on the results of this study.
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The second pattern shows slight differences between sampling campaigns, separating samples
from campaign A with all samples from campaign B andHBwever, tear differerces in

diatom composition could not be detected when looking only at the dominant species.
Therefore, a possible explanation should be sought in the lesser dominant species. The diatom
flora of campaign A has a clearly higher number of species belongihg ¢ener#&ragilaria
andUInaria. This canalsobe seen in the PCA diagram with arrows of almosFadbilaria
andUInaria species pointing upwards (i.e. group of campaignl&/04/2019. Fragilaria and

Ulnaria are typical pioneer species that rapidgspond totemperature changesf their
environment . Therefore, they are typically
the onset of seasonal increase of water temperature, followed by exponential (Famtar

et al., 1995; Zhang et al., 2019ver two decades ago, tlpeenomenon was also reported in
another Belgian lowland stream, the Kleine Nete, where large numbdrsisfawere found

in early May(Van de Vijver & Beyens, 1998A similar change in timing of spring diatom

bloom has also beeeported bywWinder & Schindler (2004)However, further analysis will

be necessary to fully explore and substantiate this statement.

An important implication for the high interseasonal similarity is that water quality evaluation
maynotrequire frequent sampling of diatoms to obtain a representative monitoring of the water
quality of ourrivers.This could bebeneficial, given the process of collection, preparation and
identification of diatoms is very resoureand timeconsuming.On theother hand, several

variables did show significant differences between sampling campaigns (e.g. water
temperature, Montaining molecules, potential toxicity). Moreover, diatom communities
typically show a seasonal succesgiGamier et al., 1995Perhaps, seasonal shifts toddoe

in conjunction with changing environmental variables. For instance, tempeiiatare

important factor in driving diatom community composit{@alu et al., 2017) was highest in

August 208, while many pollutants showed low concentrations in this campaign (relative to
AandC).Sever al i nterseasonal di fferences were
outd by other vari ables that were si.gnific
Nevertheless, diatom assemblages in rivers are affected by complex environmental gradients
and often poorly understood spatial patterns of species distriljitdiy et al., 1998; Potapova

& Charles, 2002) Due to this complexity, a straigfdrward explanation for the high

interseasonaimilarity of diatom communities was not found within the scope of this thesis.

The slight differences in the abundance of certain diatom species, sBcpavulumandN.
palea(see above), also influertthe results observed for IPS, TDI and IBD bedw sites up
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and downstream of the Eindergatloop. However, significant differemeesot found for any

of the three diatom indices between the sampling campaigns. Both IPS and IBD showed
significantlyhigher index scores in upstream sites, while T@wgkd a trend for higher scores

in downstream site§.hese findings indicate lower water quality and higher levels of organic
pollution in sites downstream of the Eindergatloop. At the same time, some correlations were
found between these indices and thggitochemical environmenRositive correlations were
found for metals in water and IPS (Mn, Co), which was also the case for metals found in
sediment (Cr, Mn, Fe, Co). Arguably, these observations may be accredited tertang
exposure effects to metahd tolerance buildip (Sabater, 2000Moreover, the lack of any
significant degree of teratological valves already indicates low levels of-mdtaled stress

on the diatom populations presented here. All three@sdihowed a correlation wiXdd: TDI

was positively correlated, IPS and IBD were negatively correlated. One possible scenario is
thathigher>Cd implies less Cd being released into the water colimany case, IPS shows

the most correlations with mesatoncentrations in water and sediment as opposed to TDI and
IBD.

However,Sabater (2000nly found a handful ofnegative)correlations between indices and
metals in the environment, whi@orcoll et al. (2012roncluded that indices such as IPS are
actually limited in the assessment of metal pollution. This is not unlikely as IPS was originally
developed to assess trophpollution and may therefore not be suitable to evaluate metal
contamination(Corcoll et al, 2012; Morin et al., 2008Pe Jonge et al., (2008)so found a

limited number of significant correlations between diatom indices and the physicochemical
characteristics of thenvironment. These statements imply that correlations in the present
report may not provide an accurate representation. As diaietal interactions are rather
complex and subject to many different factors, they are considered beyond the scope of this

thesis.

Furthermore,hie TDI is negatively correlated with both IBD and IPS, while IPS and IBD are
positively correlated. These correlations make sense, as TDI and the other two diatom indices
are inversely related; lower TDI scores indicate higher levgieltdtion, while higher scores

of IPS and TDI indicate lower levels of pollution.

Both IBD and IPS scores found in the present report are higher in bo#mdiglownstream
sties than those reported Dg Jonge et al. (2008)Additionally, TDI scores are lower across

all six sampling sites than those reported in 2008. In other words, water quality evaluation
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based on diatoms implies that the ecologigallity of the Dommel has improdecompared to

De Jongeds wor k.
Macroinvertebrates

Two patterns could be observed based on the principal component analysis. The first shows a
difference between samples-@md downstream of the Eindergatloop along the first @xis.

axis ischaracterized by a large degree of spread and overlap between the two groups, which
signifies a high level of similarity between-ignd downstrearsamplesDownstream sites are
mostly differentiated from those upstream based on higher abundances fGcidadi
Erpobdellg, Lymnaess.l. andPhysas.s., as well as lower abundancesHgdracarinas.l, and
Hydropsychidae. Tubificidae are sedimemtelling, oligochaeta worms that tolerate low
levels of oxyger(Bervoets et al., 2016Yhese worms are tolerant to environmental pollution

and have been shown to be good accumulators of metals, making them sutable
biomonitoring practice¢Bervoets et al., 2016; Mosleh et al., 2Q06gxt, Erpobdellais a
predatory freshwater leech commonly found in running waters throughioop& In case of
organic pollution, this species may occur in very high densities as they feeabdax (F.
Tubificidae) andChironomus(F. Chironomidae)(Kutschera, 2003; K. H. Mann, 1955)
Further,Lymnaeas.l. andPhysas.s. are freshwater pulmonate snails that show sensitivity to
pollution such as sulphates and metals. These orgartiave been argued to be an indicator

of anthropogenic streg¢€roteau & Luoma, 2008; Lewin, 2006; Reatedurena et al., 2017)

Finally, lower abundances of Hydropsychidae were reported in downstream Tdiees.
distribution of these species s@gts slightly more tolerant species in downstream sites as
opposed to upstream, even though the more abundant taxa are highly similar between the two

groups (Asellidae, Simuliidae, Chironomidae).

The second PCA pattern shows a difference between samgdimgaigns Samples of
campaign Bare separateflom those collected in campaign A and C. Looking at the dominant
species, higher abundances are foumd for Tubificidag Helobdellg Erpobdella and
Calopteryx while lower abundances were observed for Chironomidag¢mmnmiplumosus

As was the case f@rpbodellg Helobdellaare predatory freshwater leeches that show slightly
lower tolerance to pollution thaBrpobdella The damselfly Calopteryy has alreadyoeen
covered earlier and sensitive to environmental polluti¢g@abriels et al., 2010Futhermore,
Chironomidae nothummiplumosusar e a oO0f or mé of chironomids

their thummiplumosuscounterparts by the absence of external respiratory tubes. These
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organisms show high toleranaepollution(Bervoets et al., 2016; De Pauw & Heylen, 2001)

It is likely that there is aeffect of seasonality, aSalopteryxdisplay the highest abundances

in summer(Conrad & Herman, 1990Dther than that, there is no clear indication for seasonal
differences based on the most dominant and distinct taxa between samples. Looking at the less
dominant taxaDugesias.l. shows higher abundances than those found in campaign A and C.
This species, too, shows a certain degree of seasonalffgpring develps and hatches in

spring and reaches maturity in sumr{&tocchino & Manconi, 2013)

Many of the testedioaccumulateanetals(Cr, As, Cd, Pbshowel increased concentrations
in downstream sites in botksellusaquaticusand Calopteryx virgo For Chironomidaeonly
As and Pb showed elevated levels in siteanstream othe Eindergatloop.

Differences inaccumulatednetal concentrations between-wugnd downstream sites were
represented most accurately dyaquaticusa detrivoroussopod thatives in various bottom
substrates and top layebging inclose contact with both sediment and the water col{uan
Hattum et al., 1989)Similar concentrations as those reported eneefound for Cd, Cu, Zn

and Pb imAselluscollected inthe Dommeby van Hattum et al. (1991As their measurements
were conductedclose to three decades ago, the similar concentrations found in our
measurements may indicatee prevalenceand longevityof metal contaminationn the
Dommel river In the present port, Asellusmatcheddifferences in water more than those in
sediment. For instance, while sediment samples showed increased concentral@mm of
upstream sites, the opposite was tru@sellus Furthermoresediment samples did not show
significantlydifferentconcentrations foiCu,*Zn or®As, but Asellusshowed elevated levels of
thesemetalsin downstreansites(ug/g?, on average: Cu +9Zn +91 As +10) Thisindicates

that these metalsiay bemore biavailable in the contaminated sites for these organisms to
assimilate. As suclAsellusshowed significant differences even when these were not picked
up during statistical analysis of sediment and wsaéenples Nevertheless, water may be the
predominant athway through whiclAsellusaccumulatemetals This has already been shown
for Cd uptake which mainly occurred via aqueous uptake, while uptake via food mainly
occurred at enhanced dietary Cd lev@lan Hattum et al., 1989Additionally, synergistic
interactions (i.e. total effect of multiple toxicants combined is greater than the total sum of the
individual effects) have been reportedAsellusfor Cd and Pi{Van Ginneken et al., 2015)
The potentialtoxicity of metals inAsellusin downstream sites was significantly higher, as
indicated bya higherTU in Asellus(TUas). Furthermore, Zn concentrations foundAsellus

can be compared with the criticabncentration of metabolically available Zn (i.e. the
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maximum tolerable concentration of metal in metabolically available form before toxic effects
ensue) in a crustacean (> 150 p§ Rainbow & Luoma (201)) Applying this threshold,
AsellusZn concentrations showed values exceedingttireshold in all downstream siteg

50 to 150 pg g, signifying the potentiaZn toxicity these organisms are exposed As
literature orbioaccumulatednetal concentrations . aquaticuss sparseglirect comparisons

with analogous studies cannot be discussee. Navertheless, coparison of concentrations

in upstream (in pg §dry weight (DW); Cu 11%7; Zn 119+ 8; As 7.52+2.43 Cd 0.92+0.7,

Pb 1.23+0.07) and downstream sites (in pgt ®W; Cu 208+ 100 Zn 210+ 42; As 17.68+

8.06 Cd 5.78+2.01;, Pb 10.88:6.36) indicates a clear increase in metal assimilatiohseflus

found in sites exposed to discharge of the Eindergatloagase of noressential metals such

as As, Cd and Pb, even low concentrations have been shown to cause toxicity, which is not
necessaly the case for essential metals such as Cu an@RaZmbow 2002) Even so, very

low concentrations of essential metals may cause other side effects caused by e.g. deficiency,
rather than effects caused by excessive concentrg@unstaneiro et al., 2015)

The nymphs oCalopteryx virgoare obligate predators. Thaye largely restricted to running

waters such astreams and riversvhere they are often found in between water pléBitsoks

& Cham, 2014; Dobson et al., 2012; Johnson, 19BIBvated metal concentratio(l, Cr,

Fe, As, Cd, Pbwithin these organisms were observed in downstream sites, though no
differences were found for Zn. Elevated concentration®\§rCd and Pb correspond to our
findings in water, as well as for Cd and Pb in sediment. Different fkegllus Calopteryx

shows elevated concentrations of Mn and Co in upstream sites, which is also fabad in
sediment. Other differences inclu@aloptayx showinghigher concentrationfor Al, Cr and

Fe downstream of the Eindergatloop, while concentrations in sediment or water showed the
opposite, omoneat all. Notably,Calopteryxshows higher Fe downstream, while water and
sediment sampleshowthe opposite. A straightorward explanation is not readily available,
although inverse relationships between environment and concentrations in tissue have already
been shown before, indicating the complexity of trace nietavailability andassimilation

(DeForest et al., 2007)As for the damselfly larvae showing differencgkich werenot

detectedn either water or sediment analysase x pl anati on may be rel at
position in the foodwedfapr edat or 6 s di edwellngpregthatassenilated bot t
metals over time, trophic transfer to the predator may take place. Evearistion exists
depending on the species or méRdinbow et al., 2006; Rainbow, 2002) on the size of the

macroinvertebrat@arag et al., 1998As Calopteryxmostlyspends time within the canopy of
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water plants (or on hdrsubstrates), it is likely that it accumulated metals over time primarily
through prey consumptiofCui et al., 2011)Regardless, as hypothesized, most metals found
in Calopteryxshow higher values downstream of the Eindergatloop. Simil&indangs in
Asellus the TU in Calopteryx(TUcx) was also higher in downstream sitegnifying the
differences imabsolutedissolvedor bioavailablemetalconcentrationsAs was the case fak.
aguaticus endogenous concentrationgdalopteryxarespase Therefore, a direct comparison
with such analogous reports cannot be explored Hengever.elevated levels of several non
essential metals were found in downstream sites (in{QWJ; Al: 167 +56; As: 22.9+22.23

Cd: 2.15+ 0.94; Pb: 7.28+ 4.5) as opposed to sites upstream of the Eindergatloop (intpg g
DW; Al: 38 £0; As: 3.52+0.99; Cd 0.58+0.26; Pb: 0.55t 0.33). Although the actual toxicity
exerted on tese organisms is not completely clear, there are obvious and often large
differences in endogenous metal concentratior@alopteryxreported hereAs was the case

for Asellus nonessential metals present potential toxicity at low endogenous concentrations,
indicating the potential metahduced stress (here: Al, As, Cd, Pb) @ulopteryxin
downstream siteRainbow, 2002)

Chironomidae are sedimedtvelling organisms that tolerate low oxygen ley@srvoets et

al., 2016)and are quite tolerant to chemically contaminated g@esveroli et al., 2014)
Because they live in close contact with freshwater sediments, they are exposed to
concentrations of toxicant®tained therei(Di Veroli et al., 2014)In our data, only As and

Pb showed in@ased concentratism chironomids, which contrasts the multiple significances
found in water and sediment. Additionally, chironomids display sudden and strong changes
rather than &learmetal gradient. Some of this variation is likely due to not hasuffjcient
amounts of material to generate decent replicatd®rodiamesina¢or metal analysisFor
instance, only D1 and D2 contained enough chironomids (F. Prodiamesinae, specifically) for
three replicates of three specimens each, while this wasaca#e in the other sites (often
only one or two specimens per replicate, or other taxa than F. Prodiamesinae). Moreover,
chironomids are relatively small compared to most of the collé&detdusandCalopteryx As

such, any variation may be inflated besa of the low chironomid dry masses. For instance,
there appear to be increases of Al, Cu and Zn starting from D4, but no significant differences
were found. Nevertheless, even though As and Pb were significantly higher in downstream
sites, thee did not exceed threshold values determined Bsrvoets et al. (2016)These
obsevations can be compared with measurementBéyonge et al. (20L,2vho evaluated

endogenous concentrations of Cd, Zn and Pb at D2, D3 and D6 (identical to sites in the present
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report) in ChironomidaeNotably, similar observations regarding differences between D2, D3

and D6 can be made i n b Barihstance, D6 showd thebheghesto n g e
concentrations in D6 for Zn, Cd and Pbhath our resultsasndDe Jongeds. Howev
observation cannot be made for our measurements of metals in sediment or dissolved in water
(i.,e. D6 does not show higher metalncentrations as opposed to D2 and Dgpst
interestingly, the present study shows decreased concentrations in chironomids for
accumulated Zn, Cd and Pb compare®&Jonge et al. (2012yith the biggest differences

in terms of downstream sites D3 and D6.

As several metals in water arsgdiment showed different patterns than those found in
macroinvertebrates, a couple of other factors may be at play. For instance, other than the life
history and ecology of the three taxa above, it is possibleAeltusare more resistant to
pollutionthan the other two speci€sO6 Ca |l | a g h a As reportedair literatur@, thdse® )
organisms have a wide ecological range: they can tolerate episodes of oxygen deficiency, low
pH and have an intermediate tolerance to mé¢taléo |l dovan et al ., 2001;
2019) At the same time, chironomidse reported to be suitable indicators of metal pollution

by evaluating chironomid deformities as toxicity endpofbisvVeroli et al., 2014)which may

be an option for future researdiso, the level of metal adaptation in chironomids is highly
dynamic (Groenendijk et al., 1999b)Further differences in strctural and functional
organisation of a macroinvertebrate community are also important factors in determining metal
bioavailability (Bervoets et al., 1997; Casas & Crecelius, 1994; Toro et al., 2Q0ditional

factors that determine metal bioavailability and community response include metal
complexation (in the environment or to mebaiding prdeins) or adaptation by chronic
exposure to pollutan{€lements, 2004; Nahmani & Rossi, 2003; Rosabal et al., 2012)

However, the relationship between bioaccumulation and the onset of toxic effects is not as
clearcut, considering metals can oftério some extenit be stored in a detoxified fornm

other words, metal toxicity is more dependent on the concentratiacwialated metal that

is metabolically available, rather than the total accumulated metal concentration, i.e. when
metal accumulation exceeds the rate of detoxification and/or exc(&&nbow & Luoma,

2011)

No statistically different MMIF scores were found between apd downstream sites or
between sampling campaigmsccording to the MMIFthe Danmel (or at least the part that

was sampled in this report) is of &dmoderated
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was no strong distinction of pollution sensitive or tolerant species betweandigownstream

sites. Distributions often showdigh abundances for Asellidae and Chironomidae in sites up
and downstream of the Eindergatloop, indicating some degree of pollution in both groups.
Additionally, no correlations were found between MM#Rd any of the environmental
variables.The lack ofcorrelations contrasts with findings @abriels et al. (2010)who
reported a positive correlation with dissolved oxygen and negative correlations with
ammonium, nitrite, total phosphoro89©D andCOD. De Jonge et al. (200&)so reported
negative correlations with Sg& and Zn in both water and sedimeRbssibly, the lack of
correlations may be related to adaptation (see earlier) or to the intrinsic ability of organisms to
integrate environmental conditions over a longer timegp&icalfe, 1989) As the present

study only collected physicochemical data in three single point measurements (across three
campaigns), these may display a high level of variability (as they are instantaneous in nature;
60snapshotsd) which was n.adstlytbécausecphysiamchdmical o ur
conditions have improved compared to those reportddebjonge et al. (200&here may not

be enough environmental stress for macroinvertebrates to show distinct communities in up

and downstream sites.

Diatom indices show significant differences between sites aipd downstream of the
Eindergatloop, while the MMIF does not. No differenbesweensampling campaignsere

found for any of the indicest is not entirely clear as to why the diatom indices responded to
the gradient of metal pollution, while the MMIF did not. Perhaps it is related to the shorter life
cycles of diatoms compared tmacranvertebrates. In other words, the faster diatom
community turnovemay be translated into faster responses to environmental chaieges

al.,, 2020) On the other hand, it is also possible that an adaptational response of
macroinvertebrates obscured a distinctive pollution gradient along the six sites, which is

indicated by the minor differensbetween macroinvertebrate communities.
Past and present

Regading physicochemistry, comparisons for both in situ measurements and dissolved metal
concentrations indicate that human activity in the area is still strongly affecting the downstream
waters of the DomnmeMoreover, dissolved Zn and As concentrations @&tew have increased

in both up and downstream sites as compared with De Jonge (2008). This may indicate that
other sources of pollution (other than the metallurgic industry) are also exerting pressure on

the Dommel river, as upstream sites are not fedheyEindergatloopAt the same time,
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decreased concentrations of dissolved Cd and Pb in downstream sites are promising with
respect to t he Regandiegrsédsnenvchdraeteristigspreadrei indigations

that soil remediation in 2007 wadatvely successful, given the decreased values for Zn, As,

Cd and Pb reported here. Even so, downstream sites (as well as D1 for Zn and As) still show
metal concentrations in sediment exceeding the BQStis not entirely clear whether other
anthropogeic input has taken place between 2007 and 2019. As such, it cannot be stated for
certain whether these elevated sediment concentrations (comp&edltmge et al. (2008)

are complegly attributed to historical metal contamination in the aret other sources-or
instance, we also reported elevated concentrationZfoand®As at site D1 indicating that

there is another pollution source upstream of the Eindergatloop.

Comparingdiatom index scores to findings Bfe Jonge et al. (2008yvater quality in the

Dommel today is higher than 2006.Presently, TDI and IPS show distinctly higher scores,
indicating an improvement dfiological water quality. However, as taxonomy has changed
stronglyin the past 15 years, index calculations can not necessarily be compared as is. Re
evaluating samples collected Be Jonge would be advised to compare diatom indieas.

MMIF, De Jonge et al. (200&eported no significant difference between sites amd
downstream of the Eindergatloop, which fafidine with our findings. However, on average,

MMIF has increased compared to the situation in 2006. Additionally, some differences were
observed bet ween De ,wWhdemgseaseal difteranres wergfounde a s o n s
the present studyAdditiondly, lower concentrationsof accumulatedZn and Cd in
Chironomidaewere shown compared to values2006 (De Jonge et al., 2012}s for Pb,
bioaccumulate@oncentrations have decreased only in D6, while remaining similar in D2 and
D3.Overal,hese obser vat i on ssecagidalyualityhastimpteshsemceD o mme |

2006in both upstream and downstream sites

As such, even though biological conditions have improved, sites downstream of the
Eindergatloop still appear to be exposed to elevated levels of pollution, which cdatée re

to both historical contamination, as well as anthropogenic pressure in the present. Tackling
pollution discharged by metallurgic industry embanked on the Eindergatloop (even though
these are within the ecological quality standards) could alleviate 6 the anthropogenic
pressure on the Dommel. However, it is clear that the heavily populated area and other
industrial activity ought to be responsible for other discharges into the Dommel, as elevated
concentrations of metals were also reported inrapst sites.
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Caveats and recommendations

The different sites were tested based on theipugownstream location, but no samples were
collected fromthe Eindergatloopitself, which could have beean interesting venture in an
attempt to find correlations between physicochemical variables itrithgary and in the
Dommel. Additionally, incorporating more climatological information (e.g. air temperature,
precipitation) may provide more insight in physicochemical fluctuations in the river.
Investigating reference sites that are located morelgltsgether would also be advised. In

this report, D1 was located further upstream from D3 than D7 was located downstream of the
Eindergatloop. Additionally, having at least three (rather than two) reference sites could also
alleviate some ahe potentiabias causing data and results to be skewed to one of the sampling
sites. Furthermore, gathering more sediment samples during a single sampling would be
preferable asspatial variation at a given siteay obscure patterns that would otherwise be
quite diginct (De Cooman et al., 1995Next, not having quantified bioavailability (e.g.
through estimations via Organic Carbon (OQhpade interpretation of patterns in metal
concentrations all the more challenging. If such data would be collected, more bolstered
statements could be made on the presence or lack of metal padintioretatinducedstress
Finally, reevaluating samples collected by De Joagal. (2008])s advised to recalculate the
index scores of IPS, IBD and TDI. Given the changes in diatom taxonomy and ecology, it
would be interesting to explore how this wostfitct water qubty assessment of 2006 samples

using stateof-the-art diatom taxonomy.
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5. Conclusion

In this report, sites downstream of the Eindergatloop showed different physicochemical
conditions as opposed to upstream sites. Downstream wsltensed elevated metal
concentrations in both sediment and waterrf@tals such a€d and PbDownstream of the
Eindergatloop, elevated concentrations were also found in water for Cu, Zn and As, as well as
high levels of electrical conductivity, S®and Cl. Additionally, macroinvertebrates showed
higher metal concentratiorfer metals such as Zn, As, Cd and iPbdownstream sites
compared tahose collected upstream of the Eindergatloop. However, teratological diatom
valves were not found to a degree that Maignify a higlfer) degree of metal pollutiom
downstream siteBased on community analysis, diatoms reflected the metal pollution better
than was the case for macroinvertebrates. The latter did show some differences between up
and downstream sitebut the high similarity of dominant taxa implied a certain degree of
pollution across all sites. No distinctive effect of sampling season was found in either diatom
or macroinvertebrate communitjegpposed to physicochemical variation between sampling
canpaigns Based on biotic indices, diatoms showed a better response to the metal pollution
gradient along the Dommel. However, as diatom taxonomy has drastically changed over the
past decade, a comparison is not straightforwaitad former studies in this aa Nevertheless,

the IPS reflected the difference in metal concentrations betweesndpdownstream better

than any of the other indiceshe MMIF also showed aaverallincreasewhich impliesi
combined with improvements in diatom indices (though Bohidue to changes in taxonomy),
bioaccumulated metals in biota and physicochemistry of the Domirttedt the biological

water quality has improved since De Jongebs

In summarya combination of historical and preselay pollution in the Domnmeppears to

have an effect on both diatom and macroinvertebrate communities. Diatoms displayed
decreased water quality in downstream sites based mostly on IPS, while macroinvertebrates
mainly displayed the prevalence of metals in the Dommel based omaintaeretal
concentrations. Al in all, the Dommel 6s wat

the WFD goal of being of O6good ecological qu
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7. Appendix

Appendix 1: Classification of ecological attributes

Table 1A: Classification of ecological indicator values according to Van Dam(&084).

(R) pH
1 acidobiontic optimal occurrence at pH <5.5
2 acidophilous mainly occurring at pH <7
8 circumneutral mainly occurring at pialues about 7
4 alkaliphilous mainly occurring at pH > 7
5 alkalibiontic exclusively occurring at pH >7
6 indifferent no apparent optimum
(H) Salinity Ct(mg 1) {IfAY
1 fresh <100 <0.2
2 fresh brackish <500 <0.9
3 brackish fresh 500-1000 0.9-1.8
4 brackish fresh 1000500 1.8-9.0
(O) Oxygen requirements
1 continuously high (about 100% saturation)
2 fairly high (above 75% saturation)
3 moderate (above 50%aturation)
4 low (above 30% saturation)
5 very low (about 10% saturation)
(S) Saprobity H,O quality class O, (%) BODRX (mg 1Y)
1 oligosaprobous I, HI >85 <2
2 I -mesosaprobous Il 70-85 2-4
3 h-mesosaprobous 1] 25-70 4-13
4 h -meso/polysaprobous -V 10-25 13-22
5 polysaprobous v <10 >22
(T) Trophic state
1 oligotraphentic
2 oligo-mesotraphentic
3 mesotraphentic
4 mesoeutraphentic
5 eutraphentic
6 hypereutraphentic
7 oligo- to eutraphentic (hypereutraphentic)
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Appendix 2: Macroinvertebrate tolerance scores (TS)

Table 2A: List with macroinvertebrate taxa and corresponding tolerance scores (TS) used for cal
Multimetric Macroinvertebrate Index FlandeMNIIF) metrics. From Gabriels et al. (2010).

Taxon TS | Taxon TS
Platyhelminthes Hemiptera
Bdellocephala 5 Aphelocheirus 8
Crenobia 7 Arctocorisa 5
Dendrocoelum 5 Callicorixa 5
Dugesias.|. 5 Corixa 5
Phagocata 5 Cymatia 6
Planaria 6 Gerriss.l. 6
Polycelis 6 Glaenocorisa 5
Polychaeta Hebrus 6
Ampharetidae 3 Hesperocorixa 5
Oligochaeta Hydrometra 6
Aelosomatidae 2 llyocoris 5
Branchiobdellidae 2 Mesovelia 6
Enchytraeidae 2 Micronecta 6
Haplotaxidae 4 Microvelia 7
Lumbricidae 2 Naucoris 6
Lumbriculidae 2 Nepa 6
Naididae s.s. 5 Notonecta 5
Tubificidae 1 Paracorixa 5
Hirudinea Plea 6
Cystobranchus 4 Ranatra 6
Dina 4 Sigara 5
Erpobdella 3 Velia 7
Glossiphonia 4 Odonata
Haementeria 4 Aeshna 6
Haemopis 4 Anax 6
Helobdella 4 Brachytron 7
Hemiclepsis 4 Calopteryx 8
Hirudo 4 Cercion 7
Piscicola 5 Ceriagrion 7
Theromyzon 4 Coenagrion 6
Trocheta 4 Cordulegaster 9
Mollusca Cordulia 7
Acroloxus 6 Crocothemis 7
Ancylus 7 Enallagma 7
Anisus 5 Epitheca 7
Anodonta 6 Erythrommas.s. 7
Aplexa 6 Gomphus 7
Armiger 6 Ischnura 6
Bathyomphalus 5 Lestes 7
Bithynia 5 Leucorrhinia 7
Bythinella 8 Libellula 7
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Appendix 2: Macroinvertebrate tolerance scores (TSj continued (1)

Taxon TS Taxon TS
Corbicula 5 Nehalennia 7
Dreissena 5 Onychogomphus 7
Ferrissia 7 Ophiogomphus 7
Gyraulus 6 Orthetrum 7
Hippeutis 6 Oxygastra 7
Lithoglyphus 6 Platycnemis 7
Lymnaess.|. 5 Pyrrhosoma 7
Margaritifera 10 Somatochlora 7
Marstoniopsis 5 Sympecma 7
Menetus 5 Sympetrum 7
Myxas 7 Ephemeroptera
Physas.s. 5 Baetis 6
Physella 3 Brachycercus 7
Pisidium 4 Caenis 6
Planorbarius 5 Centroptibum 7
Planorbis 6 Cloeon 6
Potamopyrgus 6 Ecyonurus 9
Pseudamnicola.l. 5 Epeorus 10
Pseudanodonta 6 Ephemera 8
Segmentina 6 Ephemerellss.|. 8
Sphaerium 4 Ephoron 9
Theodoxus 7 Habroleptoides 8
Unio 6 Habrophlebia 8
Valvata 6 Heptagenias.|. 10
Viviparus 6 Isonychia 7
Acari Leptophlebia s.s. 8
Hydracarinas.|. 5 Metreletus 7
Crustacea Oligoneuriella 7
Argulidae 5 Paraleptophlebia 8
Asellidae 4 Potamanthus 8
Astacidae 8 Procloeon 7
Atyidae 7 Rhitrogena 10
Cambaridae 6 Siphlonurus 7
Chirocephalidae 6 Trichoptera
Corophiidae 5 Beraeidae 9
Crangonyctidae 4 Brachycentridae 9
Gammaridae 5 Ecnomidae 6
Janiridae 5 Glossosomatidae 9
Leptestheriidae 6 Goeridae 9
Limnadiidae 6 Hydropsychidae 6
Mysidae 5 Hydroptilidae 8
Palaemonidae 5 Lepidostomatidae 9
Panopeidae 4 Leptoceridae 8
Sphaeromatidae 4 Limnephilidae s.I. 8
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Appendix 2: Macroinvertebrate tolerance scores (TSj continued (2)

Taxon TS Taxon TS
Talitridae 5 Molannidae 9
Triopsidae 6 Odontoceridae 9
Varunidae 4 Philopotamidae 6
Diptera Phryganeidae 9
Athericidae 7 Polycentropodidae 6
Blephariceridae 7 Psychomyiidae 7
Ceratopogonidae 3 Rhyacophilidae 8
Chaoboridae S Sericostomatidae 8
Chironomidae (Chir). Plecoptera
Chir. nonthummi-plumosus 3 Amphinemura 9
Chir.thummiplumosus 2 Brachyptera 10
Culicidae 3 Capnias.|. 10
Cylindrotomidae 3 Chloroperiss.|. 10
Dixidae 6 Dinocras 10
Dolichopodidae 3 Isogenus 10
Empididae 3 Isoperla 10
Ephydridae 3 Leuctra 9
Limoniidae 4 Marthamea 10
Muscidae 3 Nemoura 8
Psychodidae 3 Nemurella 8
Ptychopteridae 3 Perla 10
Rhagionidae 3 Perlodes 10
Scatophagidae 3 Protonemura 9
Sciomyzidae 3 Rhabdiopteryx 10
Simuliidae 5 Taeniopteryx 10
Stratiomyidae 4
Syrphidae 1
Tabanidae 3
Thaumaleidae 3
Tipulidae 3
Megaloptera
Sialis 5
Coleoptera
Dryopidae 6
Dytiscidae 5
elminthidae 7
Gyrinidae 7
Haliplidae 6
Hydraenidae 6
Hydrophilidae 5
Hygrobiidae 5
Noteridae 5
Pesephenidae 6
Scirtidae 7
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Appendix 3A: Industrial activity and wastewater treatment in study area (1)

0 02 04 0.6 0.8km

ﬂ Site of active industrial discharge Figure 3A: Map of the area near the Eindergatloop tributary of
Dommel riveri locality in Flanders indicated with a red box (botta
i . o - left). The course of the Dommel river is shown in cyan, wrf
ﬂ Site of noractive industrial discharge tributaries and other waterways are shown in dark bluditiddally,
sewage treatment plants (orange) and sites of industrial disct
'@' Sewage treatment plant (activei green; inactivé grey) are shown along with some of tt
measuring sites assessed in this thesis. Metallurgic industry pres
Q Measuring site Dommel discharging into the Eindergatloop indted in yellowMap adapted
from VMM GeoViews.
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Appendix 3A: Industrial activity and wastewater treatment in study area (2)

Figure 3B: Map of the area near tBedergatloop tributary of the

'@' Sewage treatment plant Dommel riveri locality in Flanders indicated with a red box (Figu
) ) 3A). Sewage treatment plant (orange) is shown near site D1 co\
9 Measuring site Dommel in this thesis.




Appendix 3B: General information of study sites
Table 3A: General information of all study sites covered in this thesis. Site numbers, VMM code (VMM nr.), coordinatesakidftirmation (sampling location, diator
substrate) and index values of De Jonge et al. (2008) are inciMdétimetric Macronvertebrate Index Flanders or MM[2008) show means of samples taken
09/08/2006 and 12/12/2006. Diatom indi&zecific Polluosensitivity IndeftPS), Trophic Diatom IndexTDI) andDiatom Biological IndexIBD) (2008) showaverages
of samples taken dBR/08/2006 and 09/11/2006.

Site D1 D2 D3 D4 D6 D7
VMM nr. 93000 92100 91700 E001523 91000 E003575
Position| upstream upstream downstream downstream downstream downstream
Coordinates (Lambert: xy 224672, 223907, 223523, 223148, 233950, 225272,
207495 213568 214512 216099 218100 221621
Coordinates (WGS 84 51°°1(?'21.4%I"N 51°°13:'37.5""N 51°°14"10.(?"‘N 5%°1'5'0.5'|"N 5%°1|6'4.9'I'IN 510017.29'9."N
5°26'11.4"E  5°25'35.9"E = 5°25'17.3"E 5°24'59.2"E 5°25'42.0"E 5°26'18.7"E
Samping locator] Py * SO N psyeamoronge 'Pirean ! 4opstean
Diatom substrate pebbles pebbles pebbles scraped(shore wall) pebbles scraped (shore wall)
IPS (2008[n=2)( 10.8+0.6 11.2+3.2 85+0.3 82+13 9.9+1.6 9.6+0.9
TDI (2008n=2)( 88.7+8.3 78.1+15.1 82+5.3 80.5+9.3 77.6 +3.7 7734
IBD (2008n=2)| 12.1+2.6 13.9+24 12.5+0.2 11+£1.2 11.9+0.1 11.6£0.3
MMIF (2008)n = 2) 0.5+0.0 05+0.1 04+0.1 0.3+£0.1 04+0.1 0.5+0.1
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Appendix 4: Macroinvertebrate tolerance scores (TS)

Table 4A: Table with score conversions from MMiRetrics Taxa richness =TAX; number of
Ephemeroptera, Plecoptera and TrichopteEPT; number of norsensitive taxa NST, ShannorAWiener
diversity index =SWD; mean tolerance scoreMTS) to scores ranging from O to 4. Only score conversi
forrivertypeé Gr ot e beek Kempen BgKraregleowrh Fooaofll lisK seen@abriel et
(2010).

River Type: BgK

Score TAX EPT NST SWD MTS MMIF score Evaluation ofquality
0 X p 0 0 X no XX H[ 0.90-1.00 High
1 X Mo XK H XK HX MP XK od 0.70-0.89 Good
2 X HN XK n XK | XK mMd X nd 0.50-0.69 Moderate
3 XK HA X ci' X T X HD XK pd 0.30-049 Poor
4 >29.75 >6.75 >75 >2675 >5.375 0.00-0.29 Bad
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Appendix 5A
Table 5A: General physicochemical characteristics of all water samples (A: 17/04/2019; B: 21/08/2019; C: 24/01/2020Yy imclitdimeasurements of acidity (pH
water temperature (Tempslectrical conductivity (EC), oxygen saturation (pc.02), oxygen conteiit f@ditionally, concentrations of phosphate (), ammonia
(NH4*-N), nitrite (NOy-N), nitrate (NQ-N), sulfate (SG@) and chloride (C) are shown. Whenever ecological quality standards (EQS; VLAREM ll) were available,
were included at the bottom of the table. Values exceedina the EOS are indicatid in

Sample  pH Temp. (T) EC/Cond. pc.& Oz (0) PQ3*-P  NH*N NO-N NOs-N  SQO%(S) CI(Cl)

°C uS cmt % mg Lt mgPE mgNE mgNE mgNLE mg L* mg !
D1A 7.68 11.1 312 80.3 8.39 0.041 0.37 0.08 4.27 49 33
D2A 7.82 12.2 334 91.1 9.76 0.041 0.27 0.07 4.31 55 37
D3A 8.20 12.8 1111 83.4 8.55 0.111 0.79 0.11 3.80 131 223
D4A 7.99 12.8 1048 80.2 8.14 0.080 0.71 0.11 3.58 124 198
D6A 7.89 12.7 945 79.0 8.27 0.053 0.55 0.10 3.22 112 179
D7A 7.21 12.4 900 80.2 8.50 0.053 0.62 0.10 3.04 109 166
D1B 6.80 15.4 305 83.9 8.46 0.019 0.19 0.05 3.47 41 31
D2B 6.63 16 311 80.7 8.04 0.037 0.40 0.06 2.74 45 31
D3B 6.81 18.2 1564 72.4 6.88 0.071 0.29 0.08 2.63 153 313
D4B 6.87 17.8 1579 72.9 7.00 0.044 0.22 0.07 2.38 150 317
D6B 6.96 17.4 1207 80.2 7.50 0.026 0.13 0.05 1.96 130 234
D7B 7.21 18.9 1268 104.4 9.79 0.025 0.06 0.04 1.91 120 236
D1C 8.82 9.1 346 80.4 9.21 0.065 0.80 0.05 5.52 48 38
D2C 7.25 8.3 361 78.0 9.13 0.067 0.54 0.09 4.59 53 41
D3C 6.80 9.3 1255 66.3 7.58 0.110 0.82 0.13 4.28 186 213
D4C 6.76 9.5 1209 65.7 7.47 0.095 0.77 0.12 4.06 175 204
D6C 6.82 9.5 1153 63.9 7.29 0.080 0.77 0.11 3.42 162 198
D7C 6.89 9.2 927 68.2 7.81 0.064 0.66 0.09 3.26 127 158
D1-D2  7.5+0.8  12+3.2  328+22 824+47 883+0.64 0.045+0.01¢ 0.43+0.22 0.07+0.01 4.15+096 49+5 35+ 4

D3-D7 7.2+052 134+38 1181+222 764+111 7.9%+0.81 0.068+0.02¢ 0.53+0.28 0.09+0.03 3.13+0.78 14025 220 +51

EQS p ®dp XKLJ ¢ XKH p 9/ Xcn %<120 0>6 t XKn dn / / N<10 S<90 Cl<120
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Appendix 5B(1)
Table 5B1: Metal concentrations measured iliefied water (denoted BYM) samples (A: 17/04/2019; B: 21/08/2019; C: 24/01/2020). Aluminium (Al), chromium (
manganese (Mn), iron (Fe), cobalt (Co), copper (Cu), zinc (Zn), arsenic (As), cadmium (Cd) and lead (Pb) are slemotogidad quality stndards (EQSfor lead is
based on WFD 2008/105/EC, while other EQS are according to Flemish regulation (VLAREM I1) and are shown at the bottor8. fohédE@epends on CaGO
concentration and is shown in Appendix 5D. Values exceeding the EQS are indicatéd ive average values in upstream and downstream sites are included (up:
D1, D2; downstream: D3, D4, D6, D7).

Sample WAI WCr “Mn “Fe wCo “Cu wZn WAS wCd “Pb
Ho/L Ho/L Ho/L Ho/L Ho/L Ho/L Ho/L Ho/L Ho/L Ho/L

D1A 10 0.6 201.5 243 14.3 3.0 95 2.2 0.3 0.1
D2A 10 0.6 187.9 187 14.9 1.9 99 1.5 0.2 0.1
D3A 20 0.7 160.3 120 11.3 3.3 179 3.0 0.9 0.3
D4A 14 0.7 156.1 154 10.7 3.2 166 4.6 0.5 0.2
D6A 11 0.6 140.9 193 9.0 2.3 148 4.0 0.3 0.2
D7A 8 0.6 132.1 142 9.0 2.2 128 35 0.3 0.2
D1B 2 0.3 59.2 157 2.8 0.8 28 1.2 0.05* 0.1
D2B 2 0.3 90.2 141 4.0 0.9 15 2.1 0.05* 0.1
D3B 6 0.5 76.2 70 3.8 2.2 67 3.0 0.2 0.4
D4B 4 0.5 73.6 96 3.3 2.1 59 3.4 0.2 0.3
D6B 6 0.5 73.9 121 3.0 2.6 63 35 0.2 0.3
D7B 7 0.4 51.9 96 2.2 3.2 62 3.2 0.2 0.3
D1C 17 0.8 239.3 355 17.4 1.6 116 2.0 0.3 0.1
D2C 13 0.8 260.4 233 15.7 1.7 118 1.7 0.1 0.1
D3C 28 1.4 193.6 129 10.9 3.6 176 3.3 0.4 0.4
D4C 27 1.4 202.1 168 11.1 3.6 180 4.4 0.3 0.4
D6C 19 1.3 172.6 254 9.1 3.2 150 5.0 0.2 0.4
D7C 20 0.9 175.2 300 9.9 2.5 139 45 0.2 0.4

D1-D2 9+6 0.6£0.2 173+£81 219+x78 11564 1.7+08 79+45 18+x04 0.2x0.1 0.1£0
D3-D7 14+8 08x04 134+£52 154+67 78+£36 28+06 126+50 38+£0.7 03+02 03zx0.1
EQS / Cr<5 / / Co<0.5 Cu<7 Zn<20 As<3 ~CaC® Pb<7.2
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Appendix 5B(2)

Table 5B2: Total metal concentrations measurediiiltered water (denoted BYM) samples (A: 17/04/2019; B: 21/08/2019; C: 24/01/2020). Aluminium (Al), chrom
(Cr), manganese (Mn), iron (Fe), cobalt (Co), copper (Cu), zinc (Zn), arsenic (As), cadmium (Cd) and lead (Pb) aEcslomioal quality standards are not shown,

these ee only provided for dissolved metal concentrations (VLAREM II).

Sample WAl W' Cr W'Mn WFe w*Co W'Cu w'Zn W'As w'Cd W'Ph
Ho/L Ho/L Ho/L Ho/L Ho/L Ho/L Ho/L Ho/L Ho/L Ho/L

D1A 121 1.0 241.0 3872 18.0 4.3 133 6.3 0.5 0.7
D2A 51 0.7 177.7 1548 14.2 2.5 104 2.9 0.3 0.5
D3A 91 0.8 157.2 982 11.2 4.1 186 4.3 1.0 1.1
D4A 102 1.0 193.6 1418 13.1 5.4 216 7.2 1.1 1.3
D6A 101 2.3 167.2 1641 10.6 4.9 196 7.7 1.0 1.9
D7A 53 0.8 155.0 1222 10.5 3.3 166 6.5 0.7 1.0
D1B 14 0.3 63.3 1157 3.0 0.9 34 2.4 0.1 0.2
D2B 21 0.4 93.9 1035 4.2 1.3 21 3.2 0.1 0.4
D3B 124 1.0 85.0 1409 4.4 4.3 102 5.5 0.8 3.6
D4B 44 0.7 75.1 834 35 3.0 73 5.1 0.4 1.7
D6B 18 0.5 71.6 584 2.8 2.8 67 5.2 0.3 0.8
D7B 19 0.5 54.4 442 2.4 3.5 68 4.6 0.3 0.8
D1C 233 1.6 273.1 8116 21.7 3.7 165 9.5 0.7 1.6
D2C 381 2.0 327.0 7763 21.9 8.0 249 10.8 1.0 7.9
D3C 437 3.0 220.3 4623 13.0 10.6 270 12.0 2.0 13.0
D4AC 515 3.2 218.3 5371 13.0 12.7 287 15.6 2.4 15.6
D6C 590 3.3 196.9 5837 11.2 13.9 304 21.6 3.0 20.4
D7C 404 2.2 189.5 4559 11.2 9.3 233 17.0 2.2 11.2
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Appendix 5C

Table 5C: Metal concentrations measured in sediment (denofé) bsampled during campaign C (24/01/2020). Aluminium (Al), chromium (Cr), manganese (Mn)
(Fe), cobalt (Co), copper (Cwinc (Zn), arsenic (As), cadmium (Cd) and lead (Pb) are shown. Values shown are averages * S.D. based on multiple sptisént
= 3) taken at each site. Whenever ecological quality standards (EQS; VLAREM Il) were available, these were incluthett@ntbéthe table. Values exceeding tl
ecological quality standardse indicated imed The average values in upstream and downstream sites are included (upstream: D1, D2; downstream: D3, D4, D

Site SAl SCr SMn SFe sCo SCu sZn SAs sCd SPb
Ha/g Ha/g Ha/g Ha/g Ha/g Hg/g Ha/g Ha/g Ha/g Ha/g
D1 1248 + 116 21+0 207 + 36 32464 + 1873 21+3 1+0 205 + 10 54 +3 08+0 10+ 1
D2 973+ 108 7+2 25+ 15 5265 + 2680 4+2 4+2 76 + 20 9+3 0.4+0.2 9+2
D3 1199+295 95 22 +13 4780 + 2772 4+2 65+94 161 +81 10+ 4 21+1.2 21+12
D4 1042 + 332 7+3 12 +12 2861 + 1734 2+2 7+3 131 + 56 12+5 39+3 28+ 7
D6 700 + 266 85 10+ 4 4080 + 1136 1+£0 3x2 59 + 39 21+6 1.6+1.1 11+7
D7 1074 +469 64 13+12 3343 + 2289 2+1 4+3 95+ 72 13+10 3.8%+2.2 16 £ 9
D1-D2 1111 +£181 14+8 116 + 103 18865 + 15040 12+9 3+2 140+ 72 31+25 0.6+0.3 10+ 2
D3-D7 1004 + 355 8+4 14 + 10 3766 + 1926 2+2 20 + 49 111 + 68 14+ 7 29+2 19+ 10
EQS / Cr<37 / / / Cu<17 Zn<147 As<19 Cd<1 Pb<40
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Appendix 5D

Table 5D: Tables showinghagnesium Nlg?*) and calcium C&*) concentrations obtained from VMN
(Geoloket); VMM site codes are provided. Data of'Gand Md¢* concentrations were retrieved for sites C
D3 and D6 as these were consistently available. In terms of date, information was retrieved to match ¢
datesof the present report as closely as possible. The @aBG@ent was calculated according to formu

6O6 6 8 wh G

® p Y "Q— (Briggs et al., 1997). Information of D1 was used for D1 ¢

D2; D3 for D3 and D4; D6 for D6 and DThisinformation is used to determine theological quality standarc

(EQS; VLAREM II) for cadmium dissolved in wateY@d).

Site VMM Date ca* Mg?* CaC@® Site CaC@ “CdEQS
pg/L ug/L mg/L mg/L Cd (ug/L)
D1 93000 24/04/2019 28000 6200 95 D1 93+3 0.09
D1 93000 27/08/2019 28000 5800 94 D2 93+3 0.09
D1 93000 29/01/2020 26000 6200 90 D3 99 + 27 0.09
D3 91700 24/04/2019 35000 5800 111 D4 99 + 27 0.09
D3 91700 27/08/2019 39000 5000 118 D6 116 £17 0.15
D3 91700 26/02/2020 21000 3700 68 D7 116 £17 0.15
D6 91000 24/04/2019 36000 5900 114
D6 91000 27/08/2019 44000 5700 133
D6 91000 29/01/2020 32000 4800 100
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Appendix 5E

Table 5E: All calculated toxic units (TU) for each metal in water along with average"TUs(jth Co,"TU*
without Co) + S.D. These TUs are calculated according to forflX: — , where [M] is the measure:

concentration of a given metal and EQS the ecological quality standard according to Flemish re
(VLAREM 1I). The average values in upstream and downstream sites are included (upstream: L

downstream: D3, D4, D6, D7)

Sample “Cr “Co “Cu wZn WAS wCd “Pb “TU WTU*
D1A 0.1 28.6 0.4 4.8 0.7 3.3 1.1 |56+£10.01.7+19
D2A 0.1 29.8 0.3 5.0 0.5 2.2 11 |56+£10415+1.8
D3A 0.1 22.6 0.5 9.0 1.0 10.0 3.3 6.6+8.1 40+44
D4A 0.1 214 0.5 8.3 15 5.6 2.2 57+75 3.0+£3.2
D6A 0.1 18.0 0.3 7.4 1.3 2.0 1.3 44+65 21+27
D7A 0.1 18.0 0.3 6.4 1.2 2.0 1.3 42+64 19+23
D1B 0.1 5.6 0.1 1.4 0.4 0.6 11 1.3+2.0 06+05
D2B 0.1 8.0 0.1 0.8 0.7 0.6 11 16+28 06+04
D3B 0.1 7.6 0.3 3.4 1.0 2.2 4.4 27227 19+1.7
D4B 0.1 6.6 0.3 3.0 11 2.2 3.3 24+22 17+14
D6B 0.1 6.0 0.4 3.2 1.2 1.3 2.0 20+20 14+11
D7B 0.1 4.4 0.5 3.1 1.1 1.3 20 |[1.8+15 13+11
Di1C 0.2 34.8 0.2 5.8 0.7 3.3 1.1 |6.6+£12¢1.9+£2.2
D2C 0.2 31.4 0.2 5.9 0.6 1.1 11 |5.8+11!15+22
D3C 0.3 21.8 0.5 8.8 1.1 4.4 4.4 59+76 3.3+3.3
D4C 0.3 22.2 0.5 9.0 1.5 3.3 4.4 59+78 3.2+33
De6C 0.3 18.2 0.5 7.5 1.7 1.3 2.7 46+65 2.3+27
D7C 0.2 19.8 0.4 7.0 1.5 1.3 2.7 47+70 22+25

D1-D2 0.1+0.023.0+12. 0.2+0.1 39+23 06+0.1 1.9+1.3 1.1+0.0
D3D7 02+0.1 156+7.2 04+0.1 6.3+25 1.3+02 3.1+26 29+1.2

44+47 1.3+0.8
42+26 23+1.0
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Appendix 6

Tabl e

6 A: A

summary

tetefsts {(pandiMaarVhitbey U-tasts ¢v) coviductedhod ghysicochemical variables and meiatolvedin water, as well
as metals in sedimerincluding significance levels € p < 0.05; ** =p < 0.01; *** = p < 0.001; ns = not significant). Normaliti)Nf and homogeneity of variancé?j
assumptions were tested using the Shayiiil test and theF-test, respectively. In case of statistical significance, the difference betweandugdownstrearsites is

indicated by either O6up < downd or O6up > downob.
pH Temp. EC pc.O Oz PQ*P NH"™N NOG-N NOGs-N SO Ct
N 0 0 0 1 1 1 0 1 1 0 0
G 1 1 0 1 1 1 1 1 1 0 0
Test w w t t t w t t t
D ns ns *xk ns * ns ns * * - ko
up < down up > down up <down up >down up<down up <down
WAl wCr “Mn YFe “Co “Cu wZn YWAs wCd “Pb “TU
N
02 1 1 1 1 1 1 1 1
Test t w t t t t t w w
p ns ns ns . ns ** . ok ok ns
up > down up < down up <down up <down up<down up <down
WTU* Al sCr SMn Fe sCo sCu sZn *As sCd Pb
N 1 0 0
02 1 1 0 0 0 1
Test t t t t t t t t t t t
p * ns * ns ns ns ** **
up < down up >down up >down up>down up >down up <down up < down
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Appendix 7A

Wilcoxon, p = 0.71
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Figure 7A: Boxplots of all variables measured in wdbecl. metals dissolved in watewyhen compared
between reference (D1, D2; upstreamlue) and contaminated (D3, D4, D6, D7; downstreamed) sites.
Additionally, the statistical test is shown at the top of each graph along with the statistical signifi
Furthermore, the average uak are indicated with a black dot, corresponding to its location on-thésY
Respective sample sizes are shown above thriXfor each of the two groups under consideration.
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Appendix 7B

T-test, p = 2.2¢-08 T-test, p = 5.6¢-08 8 T-est, p=10.2
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Figure 7B: Boxplots of all variables measured in wdtecl. metals dissolved in watewyhen compared
between reference (D1, D2; upstreatnlue) and contaminated (D3, D4, D6, D7; downstreamed) sites.
Additionally, the statistical test is shown at the top of each graph along with the statistical signifi
Furthermore, the average values are indicated with a black dot, corresponding to its location -axithe
Respective sample sizes are shown above thrifor each of the two groups under consideration.
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Appendix 7C
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Figure 7C: Boxplots of all véables measured in watéincl. metals dissolved in watewyhen compared
between reference (D1, D2; upstreatnlue) and contaminated (D3, D4, D6, D7; downstreamed) sites.
Additionally, the statistical test is shown at the top of each graph alongthvtistatistical significance
Furthermore, the average values are indicated with a black dot, corresponding to its location -axithe
Respective sample sizes are shown above thrifor each of the two groups under consideration.
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Appendix 8A: Water physicochemistry
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Figure 8A: Bar graphs for all abiotic variables tested along all six sitdsS.D. (errorbars) Gr oupi ngs are shown for refe
(6downbd; red) . For measur evemges ae pdesentedvalend) sainpliognsampaighseA; B and @n pdr metal concentrations obtai

sediment samples, averages are shown based on three (separately analysed) subsamples at each site. Whenever antalditeshndimate the maximuEQS 77
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Appendix 8B: Metals in water
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Figure 8B: Bar graphs for all abiotic variables tested along all six sitdsS.D. (errorbars) Gr oupi ngs are shown for refe

(6downo6; red). For measurements derived from water s amtpllcoancentratiang ebtaineg dm
sediment samples, averages are shown based on three (separately analysed) subsamples &Vieacbvateavailable, horizontal lines indicate the maximum E
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Appendix 8C: Metals in sediment

-
=
L

D1 D2 D3 D4 D& D7 D2 D3 D
Site Site

2501
1500 204
30000 4
2001
= = 15 =3 =
2 0 3 2 =
Q 1m0 e o 150 9 00001
b = 10 M - = | K ‘® N
2 clnwn o . down g 1001 . down 2 down
g s = r
< =00 o | = W 10000
| | ii
ol o o iiﬁ—ﬁ N ﬁii
D2 D3 D4 D6 D1 D2 D3 D4 D6 D1 D2 D3 D4 D6 D7 D1 D2 D3 D4 DE D7
Site Site Site Site
2504
201 100 1 200 -
3 s s S 401
0 151 g D =0 -|- =]
o N - > W |» | >
2 10 . down 2 50 B o 2 1001 . down 2 dnwn
5 5 I w201 _ _ _ _ _
3 (5} IS <
51 25 50 i i
o iiiﬁi i — B e i 0 01
D1 D3 D4 D6 01 o2 D2 D¢ Ds o7 DI D2 D3 D4 D6 D7 D1 D3 D4 D6
Site Site Site Site
64 30
f —
8 3
= 4] 2 .
|u . up ™ 20 . down
_g . down g . up
o £
- n- '-
U_-ﬁ N
DB D7

Figure 8C: Bar graphs for all abiotic variables tested alongabités,with S.D. (error bars) Gr oupi ngs are shown for refe
(6downo; red) . For measurements derived from water s ampthl eoscentrations obtigdss
sediment samples, averages are shown based on three (separately analysed) subsamples at each site. 79



Appendix 9A

Table 9A: A summary of oneray ANOVA (A) and KruskalWallis rank sum testsk{) conducted on all variables measured along all three sampling campaigi
17/04/2019; B: 21/08/2019; C: 24/01/2020), including significance levelp& 0.05; ** =p < 0.01; *** = p< 0.001; ns = not significant). Normaliti} and homogeneity

of vatiance (1*) assumptions were tested using the Shayliol k

test

and

Leveneds test,

TukeyHSD or pairwise Wilcoxon tests (using Bonferroni correction for multiple testing) depeandthg assumption of normality.

r @anpisovere caiddyout using

pH Temp. EC/Cond. pc.& O PQO* NH,* NGOy NQs* SQ* Ct
N(g,0?) 0 1 0 0 1 0 1 1 1 0 0
a2 1 1 1 1 1 1 1 1 1 1 1
Test K A K K A K A A A K K
D o ok . o . o ek o ok . .
pairwise| A>B B>AX A&B > C C>B A& C>B A& C>B A&C>B
WAl wCr “Mn “Fe "Co “Cu wZn YAs wCd “Ph TU TU*
N(e,0?) 0 1
a? 1 0 1 1 1 1 1 1 1 1 1
Test A A A A K K A
D sk sk ek ok sk . ek A o . sk o
pairwise| C>A>BE C>AB C>A>B A&C>B A&C>B A&C >B A>B A&C>B A&C>B
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0, saturation (%)

NH, (mg NL™)
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Figure 10A: Boxplots of all variables measured in wéiteel. metals dissolved in wategvhen compared
between sampling campaigns (A, B, C). Additionally, the statistical test is shown at the top of eacl
along with the statistical significance and pairwise comparisons. Furthermore, the average val
indicated with a black dot, casponding to its location on theakis. Respective sample sizes are sha
above the Xaxis for each of the two groups under consideration. 81



Appendix 10B

Sampling campaign

Sampling campaign

Sampling campaign

Figure 10B: Boxplots of all variables measured in wéigel. metals dissolved in watewhen caonpared
between sampling campaigns (A, B, C). Additionally, the statistical test is shown at the top of eact
along with the statistical significance and pairwise comparisons. Furthermore, the average values are

with a black dot, correspondjrio its location on the “axis. Respective sample sizes are shown above-th
axis for each of the two groups under consideration.
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Figure 10C: Boxplots of all variables measured in wéigcl. metals dissolved in watewhen compared
between sampling campaigns (A, B, C). Additionally, the statistical test is shown at the top of eact
along with the statistical significance and pairwise comparisons. Furthermore, the average values are
with a black dot, corresponding ts ibcation on the Yaxis. Respective sample sizes are shown above-th
axis for each of the two groups under consideration.
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Appendix 11AT Spearman correlation (coefficients)
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Figure 11A: Spearman rank correlation matrix for general water characteristics anddmsstdl®dn water.
Correlation coefficients are shown as percentages for increased readability (i.e. coefficients multig
100). All nonsignificant values arerossed out (at significance leyek 0.05).
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Appendix 11B71 Pearson correlation (matrix + coefficients)
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Figure 11B: Pearson correlation matrix for general water characteristics and disdalgedin water. Top
graph shows colour gradients corresponding to positive (blue) and negative (red) correlations, wit
significance levels*(= p< 0.05; ** =p < 0.01; ** = p< 0.001). Bottom graph shows correlatmoefficients
as percentages for ireased readability (i.e. coefficients multiplied by 100). All +significant values are
crossed out (at significance leyek 0.05).
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Appendix 11C7 Correlation matrix of all variables and calculated indices
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Figure 11C:Spearmartorrelation matrix for general water characteristiostalsdissolvedin water metals
in sediment, corresponding toxic units (TU and TU*) and all biotic indices (MMIF, TDI, IPS, \Bb)three
significance levels*(= p < 0.05; ** = p < 0.01; *** = p < 0.001).Colour gradients indicate sign ¢+and

magnitude of the correlation.

86

0.8

0.6

04

0.2



Appendix 11D7 Correlation matrix of all variableswith biotic indices
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Figure 11D: Spearmariop) and Pearsorbpttom) correlation matrix for biotic indices with general wat
characteristics, metals in water and in sediment. Graphs shows colour gradients corresponding to
(blue) and negative (red) correlations, with thsegnificance levels*(= p < 0.05; * =p < 0.01; ** =p <
0.001).
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Appendix 12AT PCA: water physicochemistry incl. metals in water

PCA: Water physicochemistry log(x + 1) - contamination
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Figure 12A: Principal Component Analysis diagr for all variables measured in water with grouping ba
on O6cont amiensast downstreaftopp and sampling campaigrbdttom; A: 17/04/2019; B:
21/08/2019; C: 24/01/2020), data log(x + 1) transformed. Variables under investigation are indicated \
arrows. Top graph provided in text (Fi). butshownenlarged here. Additional information on the differe

PC axes can bedad in Appendix 12B.
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Appendix 12B1 PCA: water physicochemistry incl. metals in water

Water physicochemistry PC1 Water physicochemistry PC2
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Figure 12B: Graphs supporting the PCA diagrams of Figared Appendix 12A. Graphs on top show the t
10 of variables contributing to either PC1 (Dim1; left) or PC2 (Dim2; right). The red dashed line serv:
reference which corresponds to the expected value if the contribution were uniform. The bottoshgwep
the percentage of variance explained by the different PC dimensions.
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Appendix 13AT PCA: water physicochemistry excl. metals in water

PCA: Water general physicochemistry log(x + 1) - contamination

A\ ‘ I
D1 NO3
g .

:{2 __________________________________ IE‘ down

DaC
é:? Groups
2
~ ;
£ ‘ [A] w
(] i
21 :
. 6B - D4B
D7B 1
-2 0 2
Dim1 (44.2%)
PCA: Water general physicochemistry log(x + 1) - season
DIC !
T NO8
e ' NH4
2- pH™ E ~__  PO4
D2A ©7Z_mg|D1A v D3A NGZ_"EBC
g ; D4A D4C.- Groups
ao 1 s
< ‘ _ ¥ A
O B nrc.......DEC___ ... .
= D1B D2B | D7A
a pcO2 ' HC
5 S04
21 5 cl
i D3B Cond
! D4B
D78 :
Temp D6B ,
0

r 4

Dim1 (44.2%)

Figure 13A: Principal Component Analysis diagram for general water characteristics with groagzago
6contaminati ond top)ugnd based oth sampliagt canepaidns( e a A:dl W@/2019; B:
21/08/2019; C: 24/01/2026pttom) , data log(x + 1) transformed. Variables under investigation are indic
with red arrows. Additionahformation on the different PC axes can be found in Appendix 13B.
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Appendix 13BT PCA: water physicochemistry excl. metals in water

Table 13B: Graphs supporting the PCA diagrams in Appendix 13A. Graphs on tothstow 10 of variables
contributing to either PC1 (Dim1; left) or PC2 (Dim2; right). The red dashed line serves as a referenc
corresponds to the expected value if the contribution were uniform. The bottom graph shows the pe|
of variance exg@ined by the different PC dimensions.
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