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Correction notice

Corrections have been made to the original version of this report (dated Septemb@02a) to remove references
to Ecological Quality Standards (EQS). EQS values are only applicable once a substance has been added to the
priority substances list under the Water Framework Directive (WFD).
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Figures have been amendedremove up and downstream samples from Horsham New STW in the UKWIR data
evaluation. This has been done to prevent misinterpretation of data from the sole STW that provides up and
downstream concentrations in the UKWIR data.

1* November 2021



Contents

EXECULIVE SUMIMBIY......eteiiieeeiiit ettt et e e e e e et e e e e e e et e e e e e e sn b e e e e e e e e s annnee e e e e e e aannnnnnneesd 4
. The Need fOr PrOtECHIOML. ......cciiiiiiiiiee et e e e e re e e e e s nnnnneeeeee s B
ii.  Souces and sinks of PharmaceutiCals.............cccceeiiiiiieiniiiiciieec e B
iii. How pharmaceuticals interact with invertebrates and the environment....................................4
iv. Conclusions from the second phase of the Chemical Investigation Programme (CIP2) and CIP2
S Tol0]1 1= 1 [0 [P P PP PP PRTPP P PPPPPPPRPPRN 5
V. Pharmaceuticals Of MOSE CONCEIN..........cciiiiiiiiiiiie et 5
Vi, RECOMMENUALIONS......eiiiiiiiiieiiii ettt e et e e s b e e e e et b e e e s s e e e s aanneeesanned 6
g Yo 0o 1T o T 4
2 ¢ A review of pharmaceuticals in the enNVIFONMENL............oouiiiiiii el 8
2.1- Potential for ecotoxicity: lethal versissib lethal effects............ccccoiiiiiiiiii e 8
2.2- Potential for ecotoxicity: Breakdown products and metabolites.............ccccccvvvvvviviiirieeeeeeeeeeeenn. 9.
2.3- Potential for ecotoxicity: Toxic cocktails of multiple drugs..........cccccviiiiiiiiiiiiiiieeeeeeee e, 10
S To TV (o= TSI o IR ] 11
3.1- Wastewater treatment plantS (WWTWS).......cooiiiiiiiiiee it 11
O T ST o [ = 1] OO EPPP T PPPPPPPRPPP 14
3.4- Agricultural runoff and spreading of reclaimed water and treated biosolids..............ccvvvveeeeee. 14
3.6¢ Bioaccumulation in WIlAITE..........eeviiieeie et e e e e e e e e eeenens 15
T A ST To 1101 o | APPSO PPPPPPPPN 15
4 ¢ Water quality and current UK 1€giSIatiQN. ............uuiiiiiiiiiiieie e 17
4.1 Directives, schemes and policies addressing water quality...............ccccoeeiiiiiiiiiii e, 17
4.3 Ecological toXICity StANAAITS...........oooiiii e e e e e e e e e e e e e e aaaaaaaaaaaaaaeas 17
5 ¢ Summary of pharmaceuticals of concern commonly identifiddeishwater...............cccovvvvivvieeeeennnen. 18
5.1 ANAIGESICS. ..ttt ettt ettt e et e et e e e e e et e e e e e b e e e e e e e a e eees 30
5.2 Nonsteroidal antinflammatory drugs (NSAIDS).........uuiiiiiiiiiiiiie et 30
RGN 110 [T o] (= SIST=T g = 30
AN g 11T o 11T oL NP 31
5.5 STEIOIA NOMMONES......eeiiiiiiiiee ettt e e s e e e e e e s sab et e e e e s ennbbbeeeeeeeeannes 32
5.6 ANTIDIOTICS. ...ttt e e e e e e e e e e e e e e as 32
5.7 BeLADIOCKETS. ...ttt e e e e e et e e e e e n e e e e e e aan 33
6 C EXamiNAation Of CIP2 GAla.........c.uuiiiiiiiii e et e et e e e e s 34
0 g 1Y/ 11 g o T (o] 0T | Y/ 34
Selection Of PRArMACEULICAIS..........ooiiiiiiiii e e e e e 34
Chemcal CONCENIIALION TALA.........eeiiiiiiiiiiiiie et e s e e e s e e e e e s ssnbbe e e e e e e e aane 35



1] Q[T ] 1= ) =PRSS 36

ST o = (TS U] | £ 36
Analysis of monitoring data: Upstream vS DOWNSIIEAIM ..........cceviiiiriiireeeeiiiiiiiiie e e e 36
Analysis of monitoring data: Influent vs Effluent..............oooi e 37

Analysis of monitoring data: Influent and Downstream concentrations in CIP2 Scotland.data...43

Analysis of monitoring data: Effluent and Downstream concentrations in CIP2 Scotland.data..43

Analysis of monitoring datdéhe questionable SUCCESSES.........covvvvviiiiiieeiiii s 45
RISK QUOTIENTS DY IOCALION........eiiieieee i e e e e e e e e e e s 45
4 = od 171 o] 51
I @01 (o 81T o 1R 52
oo Yol (Lo L= o =T g PP PSRRI 53
Y] (=TT o[ SO O PP PP PR PPPPPI 54
Y o] o<1 g Lo [0 TSP PPPPPRPPPN 61
Appendix 1 LOD values by data source (all value in micrograms per.litre)..........cccoccvvveeeeerrnnnnnne. 61
........................................................................................................................................................ 62



Executive summary

a. Freshwater is a vital habitat that is inextricably linked to terrestrial ecosystems.
Freshwater species are some of the most threatened and least studied organisms.

b. The interconnectedness of waterways makes them efficient spreaders of pollutants
through the ecosystem and the position of invertebrates in the food chain make
them ideal steppingstones for chemicals into other animals.

c. Pharmaceuticals are a major emerging category of concern for chemical
contamination in the environment. They are commonlyetged in waterways
globally and have poorly enforced, contradictory quality standards.

a. Pharmaceuticals have both human and veterinary uses resulting in a variety of
pathways into the environment during their manufaotyuse and disposal.

b. Chemicals are not entirely eliminated through wastewater treatment and are
released in effluent. Removal of a parent compound does not necessarily mean the
removal of toxicity. Several pharmaceuticals have been shown to breakdown into
substances that are more toxic than the parent compound.

c. Sources include: WWTWSs, sewer overflows, septic tanks and drain field sites,
agricultural runoff and spreading, and landfill runoff.

d. Sinks may be physical, or biological and include: Sediment, bioaccumulation, ground
water, andthe marine environment.

e. Wastewater Treatment Works are the best monitored and most manageable Source
of Pharmaceutical contamination. Septic tanks represeatgel diffuse source of
pollutants that are largely unmonitored and difficult manage.

a. Very few studies measure the effects of pharmaceuticals at environmentally relevant
concentrations or enduct long term studies. Several substances have the potential
to impact invertebrates in the environment, but data are sparse, especially in drug
classes like antibiotics.

b. The most observed effect of pharmaceuticals in invertebrates are alterations in
reproduction and growth, with some researchers suggesting peaks in effect at low
concentrations for some substances.

c. Pharmaceuticals interact with each other and other chemicals resulting in toxic
cocktails that are more harmful than single substances.



Lengh of exposure can dramatically alter conclusions of toxicity data where effects
are time dependant. Effects also vary by species, pH, temperature, and exposure to
sunlight.

Biomagnification is unlikely for pharmaceuticals, but this does not rule out paient
for direct effects between single trophic levels.

Many pharmaceuticals are present in the UK freshwater environment that exceed
Predicted No Effect Coentration (PNEC) values. Large spikes in concentrations
recorded by CIP2 Scotland are regularly recorded in effluent and downstream
samples, as well as in effluent samples recorded by UKWIR CIP2. At times these
exceeding their PNEC and reflect a warase scenario for these waterbodigldere

PNECSs are used as a reference point for target water quality in all samples, not at the
WEFD classification point.

In several cases spikes take concentrations to levels that have been observed to
impact the growth, behviour, and reproduction of freshwater invertebrates. It is
currently unknown what effects such spikes in concentration have on freshwater
communities.

Wastewater treatment works contribute to increases in downstream concentrations
of most pharmaceuticals this study. A significant increase was found for 50% of
substances investigated.

In effluent, 11 of 14 substances exceeded recommerfeld&Cbetween 35% to
94% of the time.

Most breaches occurred for Ibuprofen which exceeded limits 62% of the time
upstream and 84% of the time downstream of WWTWSs, followed bpjlpha
ethinyloestradiol (EE2) (15% aniP8), diclofenac (7% and 34%) andBeta
oestradiol (E2) (11% and 24%).

From the review of current literature and the seabphaseof CIP2 Scotland and CIP2
UKWIRJata, the main chemicals of concern appear to be:

a.

Ibuprofen ¢ Non-steroidal antiinflammatory medication.

Pervasive and found in @hvironmental samplesxceeding the PNEC. Higbk

quotients for 19 of 20 Scottish WWTWs in downstream waters. Recorded to occur at
concentrations that impact invertebrates.

Carbamazepine Anti-epileptic medication.

Appears to affect invertebrates below the current PNE@\&ls that occur in the
environment.



Fluoxetineg Anti-depressant medication

Occurs in the environment at concentrations that have been observed to alter
invertebrate behaviour and reproduction. It is also known to bioaccumulate.

. Venlafaxine- Anti-depressant medication

Not included in CIP2 sampling but causes stress responses in the freshwater snail,
Leptoxis carinataat concentrations well below the PNEC

Diclofenacg Non-steroidal antiinflammatory medication.

Poorly eliminated through WWWs, commonly occurs waterbodiesabove the

PNEC. Known to bioaccumulate in invertebrates and can impact some avian species.

Further research and monitoring of the presence of pharmaceuticals in the natural
environment.

Improved evaluabn of the environmental risks posed by pharmaceutical products
to include:

i. Retrospective risk assessments carried out on approved products already in
use.

ii. Breakdown products(s) as well as parent pharmaceutical
iii. Cocktail effect of products

Results of update Environmental Risk Assessments considered in Water Framework
Directive monitoring and in future chemical investigation programmes.

. Wastewater treatment facilities must be improved to prevent novel pollutants such
as pharmaceuticals entering the enviroant.

. While CIP3will include analysis of biosolids, and an evaluation of septic tanks is
underway; we also encourage further examination of other sources of contamination
beyond WWTWSEg such axombinedsewer overflows, river and pond sediments,
landfill un off, and agricultural run off as well as more wdepth, long-term
examinations of effects on invertebrates in the environment.

Reduce the number of pharmaceuticals entering WWTWs through:

i. Further education on correct usage and disposal of pharmacaistio
supplement resources available for antibiotic disposal.

ii. Increased regulation on availability of most prevalent/worst impacting
pharmaceuticals.

iii. Prescribing less damaging deuay opting for alternative treatments such
as bluegreen social prescribing where appropriate as per the One Health
Breakthrough Partnership (OHBP), a projaaievelopmenthat aims to
address over prescription, and environmental release of pharmacedsitica



1 ¢ Introduction

In the last two decades, emerging chemicals of concern have been identified beyond the usual
pesticides, heavy metals, and persistent organic polluéaht®harmaceuticals are a major
emerging category of chemicals that pose realc@n for the health of our terrestriand
freshwater ecosystems$reshwater species are some of the most threatened and least studied
organismS. In Europefor example around 44% offreshwatermollusc and 15%of dragonflies
classed ee threatened anda quarterof dragonfly speciearein declin€:®. Assuch, it is important

to address what aspects of human use and abuse of the environoagrttibute to changes in
biodiversity

Aquatic and terrestrial ecosystems are inextricably linked. Rivers carry plant nutrients, foods,
pollutants, native and invasive species further than they would be able to travel alone. Our
waterways feed the land, and aquatic invertebrates feed birdss batters,fish,and many other
organisms. The interconnectedness of waterways makes &iffimient spreaders of pollutants
through the ecosystemand the position of invertebrates in the food chain make them ideal
steppingstones for chemicals into othenamal$1,

Chemicals proven to be harmfolften havecontradictory or poorly enforced quality standaruis
freshwater. In the UK this has resulted in sosubstancedike Diclofenaoccurringin
concentrations on averagiree times higherthan itsPNEQCwithout needingspecific monitoring or
removal?13

The EU, as part of th&/ater Framework DirectiveVFD) has identifieda suite ofpharmaceuticals

to be included orWatch Listas potentially harmful chemicaf§'e. England, Wales, arg@totland

have also recently completed the second phase of the Chemical Investigation Programme (CIP2)
which highlighs several pharmaceutical compounds of concern infigghwaterst’.

Here, we first review current literature for the potential ecotoxicifyparmaceuticals with

reference to their impacts on invertebrates, alongside a discussion of sources and sinks for these
chemicals and current policy. This is followed by analysis of CIP2 data from across the UK exploring:
the environmental concentrationsf selected chemicals; the influence of Wastewater Treatment
Works (WWTWSs) oap and downstreantoncentrations; and a discussion of potential risks and
impacts posed by pharmaceuticals.



2 ¢ A review of pharmaceuticals in the environment

Most widely used measurements and standards for ecotoxicity of chemical®rékiected No

Effect Concentration (PNE@ye based on EC58ad LC50%/ith anassumption thatoncentration
below these levels fomost pharmaceuticals in thenvironmentwill have negligible effects on most
invertebrates?.

However, whildests are based on establishing concentrations that cause mortality, in practice
deathis only one omanydrivers of population cangesand reductions in environmental health
Low concentrationsnayresult insub-lethal effects that can have substantial impseoh the

ecology behaviour,and evolutionof an organismSeveral pharmaceuticals have been shown to
have a peak isub-lethal effects at low, ecologically relevant concentratit8

General gamples of sultethal effects include:

A Sterilisationc individuals cannot produce viable sperm and eggs. Usuwetly,a greater
effect on males than females (no recorded example for pharmaceuticéleshwater
invertebratey.

A Alteration of sex ratiog one sex becomes more dominant through increased deaths for one
sex or changes in developméht?

A Genotoxicity leading to increased rates of DNA damage in exposed poputafibns

A Changesn fecundity (eggproductionrates)c females increase or decrease egg
productiore!:25:26

A Disruption to immune system functiéh

A Changes in behaviour (induced byderlying physiological changesh result of stress or
changes in development. May lead to higher rates of predation or changes in reproductive
succes¥?8

A Endocrine disruption, usually leading to changes in reproduction or gfé#talthoughits
occurrence imolluscs- where most research has been directeid disputed™

A Stunted or altered growth and developmeot individualg®30-32.33

A Changes in population growth ratesichcould result in overpopulation or gradual
decline* 3%

In somecasesPNECare based on laboratory studies under artificially high concentrations

resulting ina skewed view of what ,isr is not potentially ecotoxic in the natural environment.

Some pharmaceuticals may appear to have negligible effects otalitypand reproduction at low
concentrations, but have specific, highly detrimental effects on certain life stages for some animals.
For instance, carbamazepine causes-hidmg midge larvae to be unable to emerge from pupation
above measured concentrians of 0.14 and 0.234 nfigy at 20 and 23°€respectively

The reliance on laboratory resultsagrrentlyunavoidabledue to a combination of a lack of
substantial field studiesand the need for each substance to be assessed in isolation for inclasion i
legislation and policyMeasures are taken to addregstential unreliability and research is

constantly updating these values. The real issue isRhNE(alues appear to be addressed, or
rather ignored, in a somewhat blasé manner in legislation and in pradiiere are no laws that
directly address the release of pharmaceuticals into the environment, only EU policy
recommendationsand advisory reportslhis has resulted in the average concentratain
pharmaceuticals like diclofenac and ibuprofen exceeding tANIEE®Y 4 and 4€fold respectively in
some UK rivefd?’,



Chemicals areften not entirely eliminatedduringwastewatertreatment and are released in
effluent to waterbodied217:3840, Some of these compounds persist for long periods in the
environment where thegan bedegraded by sunlight (photodegradation) or broken down by
organisms into metabolites (biodegradatiaiseeHgure 1) Breakdown productare alsoproduced
through wastewater treatment as complete elimination is not possible using cumethods
Conversion into breakdown products can lead to the falspearancehat the chemical has been
removed and is no longer a threat as the parent compo(thd original pharmaceuticafradually
disappeard*42

Removal of a parent compound does not necessarily mean the removal of toxicity. Some
substancesike carbamazepine, diclofenac and naproxen breakdown or are transformed into
substances that are equally or more dangerous to human and environmental f&&lth
Breakdown product®f pharmaceuticalhiave been observen the environmentn high
concentations.For example FerrandeCliment et al(2012) found ibuprofenbreakdownproducts
at concentrations two to tenfold higher compared to ibuprofen itself in SpaWSHTWinfluent,
effluent, and waters 500m downstream of sewage effluént
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Several pharmaceuticals have been shown to breakdiowmsubstanceshat are more toxic than
the parentcompound

A Carbamazepineanbreakdown into acridine in the lapatory under conditions found in

estuarine water$®. Acridine is a known carcinogen, toxin and mutagen in mammals and has

been shown to bioaccumulate irDaphia pulexand fish as well as breglg down slowly in
the natural environmerfg.



A Naproxen itself is not considered particularly toxic, with the highest PNEC of all drugs
addressed in this repott. However, under photodegradation (break down in UV light),
naproxen forms compounds which are more taxigplanktonic organismtghan the parent
compound*®C These breakdown products are on average: 4 to 14 times more acutely toxic
to the rotifer Brachionus calyciflorjis4 to 36 times for crustaceal(hamnocepalus
platyurusand Ceriodaphnia dubjd* and 1to 9 times forDaphnia magn&° As with many
pharmaceuticals, these breakdown products also have considegagitersub-lethal
effects that occur at very low concentratic¥i§. Reproduction was inhibited & Yy | LINR E Sy
photo-transformation productsait 50% effective concentration&C50saffects50% of the
population at this concentratioyof 0.026to 1.06 tomg/L forC. dubieand 0.25to 0.67 mg/L
for B. calyciflorusThe EC50 ofllsbut onebreakdown productvasbelowthe EC50
measured for naproxen in each organism (@38.68 mg/L and 0.5 0.79 mg/L
respectively). Effects were more pronounced in the aldg@s=udokirchneriella subcapitata
where growth was inhibited at an EC50 betwele® to 6.86 mg/L for breakdown products,
compared to 31.820 39.31 mg/L for naproxen itséff

A Diclofenac readily breaks down in sunlidgrding to the impressiothat the chemicals
removed In photodegradation experiments, diclofenac increases in toxicity as it breaks
down resultingin asixfold reduction in lyal growth after 53 houfS. Such photoproducts
are not routinely measured in the environment, so it is not known what concentratioay
exist at. Effects on algal communities could have kywockffects for biofilm grazers like
shails mayflies,and some caddis larvae.

When assessing the toxicity of pharmaceuticals, it is important to examine the potential toxicity of
their breakdavn products and metabolitesaswell,y 2 g Ay 3 G KS G2EAOAGE 2F |
breakdown productsllows for predictions of current and future toxici#dditionally, it is

important know how long a substance is active in the environm@harmaceuticals likiouprofen

and paracetamol are also often pseugersistentthanks to near constant release intioe

environment Length ofexposurempacts toxic effectswith toxic effects increaagwith time inthe

NSAIDs ibuprofen ad diclofenaé®'%and in someagricultural antibiotics#’.

Mixing drugs is known to be dangerous in medpralscribingfor humans, the same is true in
aguatic environments. Pharmaceuticals act together and cause significmatternegative effects
in combination than on their own, resulting in lower growth and survival at lower concentrations
and greater effects on genexpression and reproducti®#®®. The differenicombinationsof drugs
and other chemicals are associated with significantly diffeedfeicts oncommunities of
macroinvertebrates in freshwatef.

Effects can be additive or synergistic (results either gpldr their effects are multiplied when

present together). Effects can occur at ecologically relevant Eyélst most knowledge is from
laboratory experimentswhich oftenuse concentrations several tirm@igherthan recorded
concentrationsn the environment®. They are also limited to specific artificial combinations of
pharmaceuticals which may not reflect the real concoctions of pharmaceuticals and other chemicals
found in our riversNeverthelessit is a good stamg point for understanding the @ential impacts

of mixtures of pharmaceuticals on invertebrates.

Gustet al. (2013 is one of the rare studies that compares the effects of concoctions of several
different classes of pharmaceutical at environmentally relevant concentrafiomke authos

10



demonstrated that the immunocompetence tife freshwater snailLymnaea stagnaljgesponds
differently to different groups of pharmaceuticals. They found that the effects of a global mixture of
all chemicals was most similar to sewage effluent mixtures. Out of the separate mixtures of each
drug class, the antibiotic group reflectedetiglobal mixture the closest. Effects rarfgam

compromising immune system regulation to oxidative stredsich isndicative oftoxicresponses

to the drugs.

Environmentally safémits do not account for the combined effects of chemicals and are d@mos
exclusively based on single chemical studies, often carried out in isolation lebtbratory. While
extremely important groundwork, the use of single chemical measurements can lead to significant
underestimation of chemical toxicity in the environméftCombinations of stresses are nearly
always more detrimental to animals and ecosystems than lone stresses. Some researchers have
attempted to address mixture toxicity by developing standards that combine the toxicity of
chemicals and their breakdown ptacts,>’s*® as well as accounting for synergistic effects of some
chemicals. For example, the relative hazard index (RHI) developed by Gutiérrez et al. (2008)
addresses the combined toxicity of chemicals in a mixture, their individual toxicities, and thei
ability to bioaccumulate. These new standards are yet to be put in practice or adopted; individual
PNEC values are currently the most common, widespread standard.

3 ¢ Sources and sinks

Pharmaceuticals have both human and veterinary uses resulting ineayvaf pathways into the
environment (figure 2). This includes large input sourcesiKéTWsas well as small but

numerous sources like septic tanks. Each source has their own set of challenges to overcome when
addressing chemical contamination.

Sinks my be abiotic (river sediment, soil, groundwatetc.) or biotic (plankton, invertebrates,
amphibiansetc.). Sinks may interconnect and have knock on effects for organisms that interact
with them. Forexample small invertebrates disturb river sedimemdimay cause faster release of
contaminant$®. Alternatively,an invertebrate might store the contaminant in its tissues at a higher
level than the surrounding water sediment?, increasinghe risk that its predators will also be
affected,possiblymore than the invertebrate itself. Alternatively, the behaviour or reproduction of
an invertebrate might be affected by thsbstance with potentialknockon consequences for

other specia.

WWTWsare the central hub through which most wastewater passesugh so theyplay an

important role in the removal of contamination before water is released into the environment.
Biofilm reactors (including activated slyel and biofilters) iWWTWsare particularly important for

the transformation and mineralisation of some drugs like ibuprofen which can be removed at rates
to above 90%62 However other pharmaceuticals are not fully metabolised in biofilm reactors, so
cannot be efficiently removed by traditional sewage treatment methods. For pharmaceuticals
addressed in this report, a summary of recorded removal raté8\&fTWsare as follows:

1 Diclofenac removal is incredibly unreliablieis usually removed at rates aund 17% but
rates of 0%, 50% and 69% have also been recé?deet

1 Ibuprofen is generally removed at rates of-88% and upwardbut this is not always
achieved In additionjts breakdown productare not always removeds4

{ Carbamazepine anits productsCBZep and dhkhCBZ fall below 25%movalefficiency®
down to 094364

11



f Fluoxetine has up to ~50% removal efficiency iOKTWS3, but has also been recorded
to have ~0% removal efficiency in biofilm reactérs

Azithromycinhas been recorded to have ~40% removal efficith@nother study recorded
a significant increase in effluefit

Clarithromycin and Erythromycin are removed at rates betwees @834

d-venlafaxine removal falls below 50% efficieftcy

Naproxenfallsbetween 40 and 75945264

Venlafaxinealsofalls between 40 and 7595264

The natural hormones E1 and E2 aseiallyremoved at relatively high efficiency around-90
100%, buthe artificial hormone EE2 is around 6B%EE2 is incredibly persistent in
activated sludge and is the breakdown product of another hormone, mestfanol

{1 Propranolol removal efficiency is around-26%4=.

=

=A =4 -4 -4 -9

All pharmaceuticals addressed in this report amvevercommonly found in UMvaterwaysand
someg like ibuprofenanddiclofenacg are virtually ubiquitousd?*3

Unsurprisingly WWTWSs are a major contributing factor in the bioaccumulation of several
pharmaceuticals in freshwater invertebrafésExposure to wastewater treatment effluent has

been observed to increase rate§ DNA damage in midge lard@nd has disruptive effects on
reproduction, growth, and development in freshwater shrimps and mugs&IAll WWTWs are
different and themakeupof the waste they treat will vary with location. Addressing the issue of
poor chemical processing would likely need to be bespoke to the treatment plant, though
improvement of general treatment methods would be iddalparticular, limiting the operatioof

storm combined sewer overflows which discharge raw or partially treated sewage to watercourses
IS essential.

12
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Septic tanks are common in rural regions of the UK where sewegenss are not linketb a

central wastewater treatment plant. The treatment method by septic tanks is a crude, small scale
version of the biodigesters found in moatWTWs. They are relatively effective, but do not
completely degrade contaminants and satrdbute to leaching into the soil and groundwater
system&70,

Septic tank effluent contains similagmetimeshigher concentrations of contaminants to
wastewater treatment plant&. Some septic tankead to drain field siteg where septic tank
effluent isreleased into the soil through a filtering mediunwhichdo helpto reduce the
concentrations ofontaminants from septic tank effluenbut notcompletely*. Despite the

potential importance of septic tanks as a huge, diffuse contaminationceo there is darge
knowledge gap in the literature. Only 2% of papers address septic tanks directly, compared to 37%
addressing activated sludge method typicdl used incentralised sewage treatment WWTWS4.

In addition, nany septic tanks are imddually owned, so they are difficult to regulate and maintain
to consistent standarsithat limit contamination.Scottish Wateis currently preparinga report

which should help fill the knowledge gap for contaminants in septic tanks andatieility d

septic tank treatment.

Agricultural runoff from field irrigated witheclaimedwater or treated biosolids can introduce
contamination to receiving watbéodiesand has the ptential to impact soil and freshwater
invertebrates4% 7273 Treatment for biosolids is not designed to remove chemical wastehayd

are known to retain pharmaceutical contamination throughout the treatment pefadver six
months’®. Most investigated chemicalsicludingibuprofenand diclofenachave been recorded in
activated sludget very low concentrationg.g.,122-588 ndg for ibuprofenand22-209.1 ngg for
diclofenaé 4. While aherslike ciprofloxacin are retained at levelp to 6500ng/ g (reviewed in

Petrie et al., 2015) No legislation currently addresses chemical contamination of treated biosolids,
resulting in terrestrial contamination as well iBsichinginto waterways.

Leachingf pharmaceuticalérom fieldstreated with biosolids derived from sewage sludgman
changedramatically over time. All chemicals act differently in the soil and demonstrate a variety of
mobility that is dependent on their ability tadsorbto the solid mediun®. Triclosar(a personal
careproduct)for exampleis well retained by soil (a reasevhy it can be found in such high
concentrations in biosolids), but over the course of a year it has been shown to dramatically
decrease in concentratidd This decrease is a result oad¢hingout of thetopsoil, changes in

weather conditions (wetteweather leads togreater mobility, and degradation into methyl

triclosarf?. Bothtriclosan and carbamazepine have been detected 266 days after initial
contaminatiorf3; other pharmaceuticals like ibuprofen and paracetamol (acetaminophen) appear to
be initiallysequestered in the soil then gradually released over fiimeong term studies

demonstrate the importance of monitoring the changes in chemical concentrations over time as
levels of contaminationare not static.

It should also be noted thahe method of application can impact the levels of contamination in run
off. Injection ledsto far lower levels of pharmaceuticals in runoff compared to broadcast
applicatior’®. However, care should be taksen thatthese diferent methods do notransferthe
problem elsewheresuch aggroundwater.
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Aquatic invertebrates are importambutesfor bioaccumulation, either through direct absorption

from the water or through consumption of contamireat organism&. Invertebrates known to
bioaccumulate pharmaceuticals include snails, bivalweser fleas worms and insecgs!:61.7678,

Plants, fish, amphibians, and other mammals are also capable of retaining pharmaceuticals in their
tissues, eithertirough direct absorption from the environment or from their fo@@viewed in
Puckowski et al., 2016)

Bioaccumulation can result long term impacts that persist even after successéuhoval of the
contamination,as well as secondary impaan predabrs. Pharmaceuticals are unlikely to magnify
up multiple levels of thdood chain in the same way asher pollutantsbecause they lack the
propertiesto do sa To magnify, a substance must $teondy lipophilicandhard to degrade
Qurrently, only persistent organic pollutantand heavy metals arenown to becapable of this.
However, pharmaceutical€an be accumulated in tissues and tend to be active at low
concentrations in both vertebrate and invertebrates. As a result, bioaccumulation of
pharmaeuticalscouldcause unexpected effects in néarget organismbetween single trophic
levels

Diclofenac foexampleis consideredthe main cause of theatastrophiccollapse of vulture species
across Eurasia and Africhimited studies observe diclofenac outside of Gyps vultures, but toxic
effects have been found in other bird species includitgppeeagles, chickenslynahbirds,

pigeon andQuaif® Diclofenac has been found to bioaccumulate in invertebrates divaa® of
wastewater treatment plant®, which isa cause of potential concetn insectivorousbird and fish
speciedf they are sensitive td.

In the aquatic environment, absorption from the water column is the most imporapbsure

route for invertelrates’! and vertebrate®’. Lagesson et al. (2016) suggests that the dietary route
could be important for higher trophic level species like Common perch in the natural environment
based on their finding of bioconcentration valuet3l0 times higher thanhtose estimated in the
laboratory. To our knowledge, no study to date has directly addressed the uptake of
pharmaceuticals between aquatic invertebrates and their vertebrate predators even though it is
commonly quoted as a concerntime scientific literatue.

Invertebratescan retainpharmaceuticals in their tissues, with bioaccumulation factors (B@aks)
known as bioconcentration factors (BQFahging from 2.2 to 3000%10.61.66.76 |nvertebrates are

the food source for many other animalacluding birds, bats, otters, water vole, frogs, and fish, and
are responsible for the cycling of nutrients and energy up the food chain. As such there is potential
for drugs to accumulate to biologically important levels in invertebrates that can palgnéffect
animals higher up the food chdi®.78

Sediment contamination by pharmaceuticals and watch list substasoes$ currently universally
addressed under the WFD or within freshwater monitoring schemes in the UK. The WFbejives
option for some EQS to beeasuredn sediment or from the tissue of appropriate biota, but this is
specific to certain priority substances like merddryrhis lack of sediment monitoring is relevant to
other forms of chemical contamination as wellch as insecticides and herbicides.

Chemicals in soil and sediment are known to affect invertebrates, but studies showing effects of
pharmaceuticals isedimenson invertebrates are limited. Impacts are seen in soil and sediment
dwelling (benthicprganisns,but it is difficult to isolate the purelgedimentinduced effectsThat
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said, benthic species that live on or in the sediment are the most likely to bioaccumulate
pharmaceuticalsimplicatinga relationship between pharmaceuticals and sedimé&ht&xanplesin
soil and sediment include: betagestradiol accumulating in earthworms exposed to sewage
effluent’®; andbenthic larvae of the midg€hironomus ripansdisplayng poorer growth rates,
reduced fecundity and changes in gene expression when raised in sediexpaised to reclaimed
water spiked with carbamazepine and triclo8an

Adsorption into sediment may limit immediate availability and toxjgufyarmaceuticalsn

sedimentcan be less toxic thaime same substancea the water columf°. The main issue is that

they act as a sink and source that stores and then constantly releases chemicals into the water over
long periods of timé In addition,Gilroy et al. (201Rdemonstrated that the actions of microfauna

can cause chemicals to be released back into the water column faster than exp&ctdgesics,
NSAIDsantibiotics and psychiatric drugs haalebeen shown to be particularly well retained in
sediment inhigh quantities relative to other pharmaceuticlsSediments are also known to

contain higher concentrations that can be equivalent to dangerous concentrations recorded for
freshwater bodie3®.
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4 ¢ Water qualityand current UK legislation

Despite grat strides in tackling diffuse and point source pollution from traditional sources such as
agriculture, mine drainage, and the sewerage network, there is still much to do to tackle the
growingnumber of novel pollutantsWater quality in theJK is reportegeparatelyin each country
with Englandhaving thepoorest freshwater status with 0% of freshwater in good overall héalth
Northern Ireland (31.3%), Wales (46%8) and Scotland (65.7%)are better but there are il
significant numbers of watercougsvhere water quality is a concern

i.  The EU Water Framework Directive was the first legislation of its kind to tackle water
pollution in Europe. It was also the first piecdejislation to address emerging
chemicals like pharmaceuticalsor chemicals not explicitly included in the priority
chemical listthe WFD ign essencgjust a monitoring schemet sets goals for reducing
pollution but leaves it ttvlember Statesto implement their own legislationin the UK
this is implemented througihe Water Environment (Water Framework Directive)
(England and Wales) Regulations 2003 in England and Wales, in Scotland it is
implemented through The Water Environment and Water Servigestland) Act 2003,
and in Northern Ireland through The Water Environment (Water Framework Directive)
Regulations (Northern Ireland) 2003

ii.  TheChemical Investigation ProgramngeaUK wide monitoring schemelelivered by
the water industry aimed atas®ssing thdevels of contamination iwaterbodies It is
based on WFQuidelines buis independent of the WFD. dbvers several chemicals not
includedon the WFDs watch list or priority list.

iii.  River basimanagemenplans based on the WFD classificatiamplingare aimed at
tacklingsignificant water management issues likierate pollutiorf?.88

iv. CatchmentSensitive Farmingnd Countryside Stewardshipere establishedn 2006in
Englando address diffuse agricultural pollution. In 2018 the Water Environment Grant
was launchedThese schemes amntered intoon a voluntary basiandlargelycover
pollutants like pesticides an@rtilisers.

v. TheUK @ @S NJY Y25 Yedar Brvironment Plan aifies 75% of waters to be in good
condition by 2027

There are severahethodsused for measuringnd evaluating chemical toxicit¢ach has its own
benefitsand limitationsand are briefly discussed below:

I. ECx regressiodbased measuremesthat evaluate the level of effect on a given
percentage of the populatiore(g.,EC50 means the concentration that affects 50% of
test organisms, EC10 means 10% are affected). It aftmveslculations of confidence
intervals.Like LC50s, ECx values are dependent on exposure time and vary between
species.

ii. LC50g can be more straight forward because they purely focus on lethal effects which
is an obvious, indisputable outcome. But LCs@gharmaceuticals tend to be well
above ecologically relevant concentratgsend disregard the sub lethal impacts of low
concentrations found isomepharmaceutica®>!. LC50s can also vamjth exposure
time, where lower concentrations still causealle, butoveralonger period of
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Vi.

Vii.

viii.

exposuré’, LC50s are not useful as an environmental toxicity standard for
pharmaceuticalslue tothe unrealistically high concentrationequired

No Observed Effect Concentrations (NOEHQs)westObserved Effect Conceations
(LOECsre a simple, relatively straight forward metric to measure, but this simplicity
can lead to misinterpretation. Thesarybetweenspecies even withithe sameorder

and can depend on the measure used to evalubted S T T éh®rioabservable effect
does notalwaysmean no effectt all. Effects can be expressed in other ways than the
measured effect (usually growth or reproduction). NOECs and LOECs are generally
regarded as unreliable tools for evaluating substance impact in thimgical

community as thexan bemisleadingf not used correcthand do not account for
variability or concentratiorresponse relationshipdVhile not fully rejected, there has
been a move towards regressirased evaluations.

Predicted No Effect Conceaations(PNECSs) ardé¢ concentration at which a substance
is unlikely to cause long or shadrm effects.They are drived from NOECs and/or ECx
or LC50s. Several assessment factors often need to be calculated for a PNEC to be
consideredrustworthy.

Predicted environmental concentratia(PECs) aresad together with PNECs to
determine potential riskn the environment

Risk Quotients (RQs) are a raticeavironmental concentrations tBNEC. It ia
combination of measurable standards and a standanis&fety limit aiming to give an
overall idea of how dangerous a chemical mightdea given environment. Risk
Quotient greater than 1 indicates thanvironmental harm may be possible afuother
evaluations are required for that chemical.

Annual Averge EnvironmentaQuality Standars(AAEQS) are thearget concentratios
a substance must stay below in a given yteaminimise ecological impact and for a
water body to be considered toe ofad 3 2 2 R ¢4 & thid-WFDBzélassification point
EQSnly exist for substances addressed in the WFD pristubstancdists andare

aimed at monitoring long term impact.

Maximum Allowable ConcentratisfMAGEQS)s the maximum release concentration
allowed. The standard is set by the EU as a measure 6ot t&im impacts and is mostly
used for monitoring batch releases of waste. It generally only exist&/FiDpriority
substances.

Otherrisk assessment values existd.,the Relative Hazard IndexXjut they are not
widely used in practice.

5 ¢ Summary opharmaceuticals of concern commonly identified in

freshwater

In this report we have identified 18 chemic&s which we explore th@ossible effect on
freshwater invertebrategtable 1 and 3. Sixteenof these are found on the WFD watlists orhave
been identified 8 achemical of concern in CIPRablel). The other two(paracetamoklnd
naproxer) are commonlyidentified in freshwater monitoring schemes and literatbie
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Tablel. Legislation and current standards for commonly recurring pharmaceuticals in freshwater. PNEC values are taken fromviEbhamehEAgencyliterature.as the standards currently in use.
Concentration values highlighted in bahdlicate where median or mean values exceed the safety limit.

Pharmaceutical name Addressed in current (2020) UK legislatior Official PNEC CIP2 CIP2 Knownfreshwater
(ng/L) Upstream Downstream concentrationranges in the
median (range) median (range) UK in literature (ng/L)
(nglL) (ng/L)
STEROID HORMONES
_ : . - CIP2 s 0.015 0.015 .
17-Alphaethinyloestradiol (BE2 5 1o iy on the WFD watdist (2018) O (<0.0153.36) (<0.0154.9) Fnen%oaen
17-Betaoestradiol (E2) cip2 110 ?;3?156'2) ?42)51511 9) FnonEn do
Previously on th&VFD watcHist (2018) ' '
Oestrone (E1) CIP2 3.6%6 0.3 0.7 <0.4 to 12.2 (water column)
Previously on the WFD wattist (2018) 312 (<0.354.2) (<0.365.6) 34-388 (sediment}®
ANTIBIOTICS
2.51378%2
<0.5¢ 351°%
CIP2 5 50 <0-5141%
i 13,16
Erythromyein Previously on the WFD watdbt (2018) 20 (<5710) (<5780) <1057 upstream of
WWTWs
<101022 downstream of
WWTWs»
32¢ 790%
. . CIP2 i 6 64.5 .
Clarithromycin Previously on the WFD watdist (2018) 0 (<0.5722) (<0.51250) 576500 ng/L
. . CIP2 1916 0.1 6.45 37
Azithromycin Previously on the WFD watdit (2018) 901 (<0.1184) (<0.1221) 3
Amoxicillin WFD watchist (2020 7816 n/a n/a <106 62294
Ciprofloxacin WFD wath list (2020 891816 n/a n/a No UK examples found
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Pharmaceutical name

Addressed in current (2020) UK legislatior Official PNEC
(ng/L)

CIP2

Upstream
median (range)
(ng/L)

CIP2
Downstream
median (range)
(ng/L)

Knownfreshwater
concentrationranges in the
UK in literature (ng/L)

Sulfamethoxazole

Trimethoprim

- WFD watcHist (2020 400%°

- WFDwatchlist (2020 50015

NONSTEROIDAL ANINFLAMMATORY

Diclofenac

- CIP2
- Monitored, but not restricted 5013
- Previously on the WFD wattikt

n/a

n/a

3
(<2-277)

n/a

n/a

33
(<1:372)

<0.52°%

<0.54°%

<50 upstream of WWTWSs
<50-132 downstream of
WWTWs»

10¢ 35°%

<1.5126%
<1.5183%

<1036 upstream of WWTW:
<10 42 downstream of
WWTWs»

3.4¢ 350%

<544.4%

2.5-2990.712
<0.585%
<0.5261%

<20 upstream of WWTWs
<20 154 downstream of
WWTWs?®

5.9¢ 380%
<1079.47%
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Pharmaceutical name

Addressed in current (2020) UK legislatior Official PNEC CIP2

(ng/L) Upstream
median (range)
(ng/L)

CIP2
Downstream
median (range)
(ng/L)

Knownfreshwater
concentrationranges in the
UK in literature (ng/L)

Naproxen None
Ibuprofen CIP2
ANALGESICS

Paracetamol (acetaminophen) None

128,000%° n/a

17
13

10 (<2.52850)

9,2004° n/a

n/a

37
(<2.56600)

n/a

<0.3146%

<0.3113%

27¢ 150%

4.8544.496

12.5483812

<0.3100%

<0.393%

<20-155 upstream of
WWTWs

<205044 downstream of
WWTWs®

30¢ 450%
<2-38.4%

<1-2382%
<1.51379%

8.2 ng/Lg 1200%
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Pharmaceutical name Addressed in current (2020) UK legislatior Official PNEC CIP2 CIP2 Knownfreshwater
(ng/L) Upstream Downstream concentrationranges in the
median (range) median (range) UK in literature (ng/L)
(ng/L) (ng/L)
BETABLOCKERS
2.516512
17 31.2 <10-115 upstream of
Propranolol CIP2 1001349 j . WWTWSs
(FOL2510) (HO2T) <10-215 downstream of
WWTWs*
6.567%
ANTIDEPRESSANTS
<596
. 0.4 6.5
Fluoxetine None 4713 6.2-7.9%
<0.1:62.7 <0.1-86.
(<0.162.7) (<0.186.9) 9.0 (mean}, 13.5 (maxj
Venlafaxine : 38.3515 35.1 (mean), 75.6 (maky®
(and Gdesmethylvenlafaxine) WFD watcHist (2020) (6.1 L L 0.9-85.597
ANTIEPILEPTICS
<0.5-356%
4 58 <0.5684%
i 13
Carbamazepine None 2500 (<0.51230) (<0.51340) 5.6 200 &
16.4555%
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Table2. Substances and their known dlathal effects. This is a summary of examples of effects, it does not include events where no effect was found, aad gxtiaastive list of all literature for all
substances. Its aim is to provide examples of thieetyaof effects and the diversity of species taégctin freshwater. It is noted where little or no literature is available for a subst&hgabers in bold indicate
values that occur below concentrations found in the natural environment

Pharmaceuticahame Recorded concentrations of sub Sublethal Effect Freshwater invertebrate Citation
lethal effects species affected
(ng/L, unless otherwise stated)

STEROID HORMONES

17-Alpha 10to 10,000 Mouthpart deformities with the highest incidence occurring at low to Nonbiting midge 82
ethinyloestradiol (EE2) intermediate concentration40 ng to 10,000 ng/L (Chironomus riparigs
1,000,000 Moulting delayed and wet weight reduced Non-biting midge 82
(Chironomusipariug
1to 50 Increase in the number of emerging adults and altered sex ratio towards Non-biting midge 2
males to females i€hironomus ripariudNo effect on egg viability (Chironomus ripariys
>78 Delayed emergence above 78 ng/L Non-biting midge 2
(Chironomus ripariys
100 to 320 No effect on parent generatigriollowed by smaller male gnathopods and  Freshwater amphipod 100
altered gonad development in subsequent generations (Hyalella aztecp
1to 100 Increase irstimulation of reproduction between 1 ng/L and 25 ng/L, and  Mud snail 101
reduction in reproductive stimulation at 100 ng/L Potamopyrgus antipodarum
3,290.3 and 1600 Above 3290 ng/L there is an increased number of eggs per clutch and an Pond snail 102

increase in abnormal egg production and at 17,600 ng/L decrease in nun Lymnaea stagnalis
of egg clutches per individual

100, 1000 and 1@000 Alters sex ratio to 2:1 femaldge males. At 10,000 ng/L there is an increase Freshwater shrimp 34
population size due to an increase in juvenile recruitment. (Gammarus puléx
17-Betaoestradiol (E2) 50 and 250 nmol injection and Increased vitdébgenin productionjn injected and effluent exposed Freshwater mussel 2

exposure to municipal waste effluen individuals. Effluent exposed individuals also exhibited reduced shell grov (Elliptio complanata
andweight, andincrease soft tissue growth and weight but there is no way
attribute this effect to just one chemical

>10000 Oxidative stress in the earthworm in soil exposed to sewage effluent Earthworm Eisenia fetida 103
Oestrone (E1) n/a No recorded effects in freshwater invertebrates but does readily convert i n/a n/a
E2 in freshwater fisfH4

ANTIBIOTICS
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Pharmaceuticahame Recorded concentrations of sub Sublethal Effect Freshwater invertebrate Citation
lethal effects species affected
(ng/L, unless otherwise stated)
Erythromycin >179000 Erythromycin thiocyanate results in higher mortality, redugegroduction, ~ Water flea Daphnia magna 1%
and impaired growth
940,000 (EC50) Growth inhibition Rotifer 24
(Brachionus calycifloryis
220,000 (EC50) Growth inhibition Water flea 24
(Ceriodaphnia dubija
110, 220 and 550 Effects on immune function: decreased thiol production, increased Freshwater mussel 106,
phagocytosiby haemocytes and decreased lysozyme activity Elliptio complanata
Clarithromycin 12,210,000(EC50) Growth inhibition Rotifer 24
(Brachionus calycifloryis
8,160,000 (EC50) Growth inhibition Water flea 24
(Ceriodaphnia dubija
Azithromycin n/a No literature found n/a n/a
Amoxicillin n/a No effects observed in the Cnidaridtlydra vulgarisat concentrations of n/a 107,
10,00010,000,000 ng/L which appears to be the only freshwater
invertebrate tested for this substance
Ciprofloxacin >50Q000 Indirectly alters food consumptiomgrowth, and energy storage through Freshwater shrimp 108,
changes in the microbial community, especially fungi. Fungi drive the (Gammarus fossarujn
responseput effects may be positive or negative for the shrimp dependin
on the compositionof the microbial community
1,100 Effects on immune activity: increased ROS production, decreased lysozy Freshwater mussel 106

Sulfamethoxazole

9,630,000 (EC50)

210,000 (EC50)
25,000,000:5,000,000
Sulfamethoxazole: Trimethoprim
combination

22,110, and550

633 to 25328

activity and increased phagocytosis by haemocytes
Growthinhibition.

Growth inhibition

Increased susceptibility to insecticidal proteins. No effectrartality with
each antibiotic alone

Hfects on immune activity: increased ROS production, decreased thiol
production, increased lysozyme activity and cyclooxygenase activity
Increase in immunotoxic responses

(Elliptio complanaty
Rotifer

(Brachionus calycifloryis
Water flea

(Ceriodaphnia dubija
Black fly $imulium vittatum

Freshwater mussel
(Elligio complanatd
Freshwater mussel
(Elliptio complanata

24

24

109

106

110
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Pharmaceuticahame Recorded concentrations of sub Sublethal Effect Freshwater invertebrate Citation
lethal effects species affected
(ng/L, unless otherwise stated)

Trimethoprim 25,000,000:5,000,000 Increased susceptibility to insecticidal proteins. éffect on mortality with Black fly 109
Sulfamethoxazole: Trimethoprim each antibiotic alone (Simulium vittatum)
combination
20,<22,22and 110 Hfects on immune activity in freshwater musdliptio complanata Freshwater mussel 106
increased ROS production, decreased thiol production, increased (Elliptio complanata
phagocytosis by haemocytes, and decreased lysozyme activity
400,000,000 Decrease in larval activity over 96 hours Midge larvae i
(Diamesa zernyi
725 to 29037 Immunotoxic responses Freshwater mussel 110
(Elliptio complanaty
50,000,000 Inhibition of regeneration Hydra Hydra attenuah) 112
NONSTEROIDAL ANINFLAMMATORY
Diclofenac 637 Weakreduction in lysozyme membrane stability in haemocytes after 96hr Freshwater zebra mussel %
exposure (Dreissena polymora)
60,000, 156000 and 2500 Genotoxiceffects resulting in DNA damage with cytotoxic effects above  Freshwater zebra mussel 14
156,000 /L. (Dreissena polymora)
1000, 10000, 100000, 1,000000and Cytotoxicity in gill,blood,and gastric tissues, with toxicity increasing with ~ Freshwater zebra mussel ~ 1°
10,000,000 length of exposure (Dreissena polymora)
500,000 This was the lowest concentration tested in the study. It caussidmificant  Water flea Daphnia magna %
reduction in egg production.
34,000 Decreased emergence ratio Non-biting midge 116
(Chironomus riparigs
>50000 Delayin time to first egg production and alteration in gene expression releé Water flea Daphnia magnp 7

to growth, developmentreproduction,and metabolism. Responses were
time dependant, longer exposure at lower concentrations kadthe same
responses as short exposure at higmcentration

2,000,000 to 25000,000 Increasing concentrations of diclofenac lead to reduction in population Rotifer Plationuspatulug 35
increase rates and decreases density and cladoceran
(Moina macrocopa
100,000 Induces immune response shown as an increase in phagocytosis by Pond snail 118
haemocytes butloes not affect immunocompetence (Lymnaea stagnaljs
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Pharmaceuticahame

Recorded concentrations of sub
lethal effects
(ng/L, unless otherwise stated)

Sublethal Effect

Freshwater invertebrate
species affected

Citation

Naproxen

Ibuprofen

>26000

20,000

560,000 (EC50)

330,000 (EC50)

76,600,000 and 33200,000 ng/kg in
sediment

5752,302.6

40,000,000

>1,100,000

300,000¢ 30,000,000

1,000,000, 5000,000 and 100,000
>1

>123000000Qug/L

100000000000
45000, 450000, 909000

Breakdown products reduce growth and reproduction and have greater tc
effects at lower concentrations than naproxen itself on small crustacea ai
rotifers.

Reduces eclosiofilom eggs angbupation butdoes notaffect larval mortality.
Naproxen also reduces the mean fecundity of females, and subsequent
generations appear to be more resilient to exposukeconcentrations over
164 mgLemergence is reduced

Growth/reproduction inhibition

Growth/reproduction inhibition
Oxidative stress angenotoxicity
Induction or inhibition of various immunotoxic effectshaemocytes

Contraction of thebody column and tentacles (a stregsponse) and
alterations in gene transcription over 24 hours
Reduced fecundity

Reductionin populationgrowth over the range of concentrations and a
reduction in fecundity at 30,000,000 ng/L

Inhibition of regeneratia.

Dual effect oincreased ventilation (a sign of stress) at 1, 10 and 100 ng/L
decreased locomotion at all other concentrations measured

Reduction in reproductive success
Initial increasdollowed by a decrease in larval activity over 96 hours

Genotoxiceffects resulting in DNA damage and cytotoxic effects above
450,000 ng/L

Rotifer

(Brachionus calyciflorjis
Fairy shrimp
(Thamnocephalus platyurus
Water flea

Ceriodaphnia dubja
Mosquito Aedes aegypti

Rotifer

(Brachionus calycifloryis
Water flea

Ceriodaphnia dubja
Amphipod Hyalella aztech

Freshwater musseE{liptio
complanatg

Hydra Hydra
magnipapillatg

Water flea Moina
macrocopa

Water flea Daphnia magna

Hydra Hydra attenuata
Freshwater shrimp
(Gammarus pulex

Water flea

(Daphnia magnand Moina
macrocopa

Midge Diamesa zernyi
Freshwater zebra mussel
(Dreissena polymor)

44,50

119

24

24

120

110

121

122

122

112

19

123

111
114
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Pharmaceuticahame Recorded concentrations of sub Sublethal Effect Freshwater invertebrate Citation
lethal effects species affected
(ng/L, unless otherwise stated)
400,000 Lowest concentration tested caused a significant reduction in egg produc Water flea 90
(Daphnia magna
5,000,000 and 100,000 Inhibition of regeneration Hydra Hydraattenuata) 112
200, 2000and 8000 Cytotoxicityand genotoxicity, increasing in strength with concentration Freshwater zebra mussel 124
(Dreissena polymorpha
100to 50,000 Oxidative stress Freshwater clam 125
(Corbicula fluminea
>1,020,000 and >5360,000 LOEGQor reduced growth and hatchingtes,respectively Ramshorn snail 126
(Planorbis carinatys
ANALGESICS
Paracetamol 160,000,000 and 80(M00,000 Poorer development and flight indexes, with effect on flight dependant or Mosquito Culex pipiens 127

(acetaminophen)

BETABLOCKERS
Propranolol

2,000,000 to 32000,000

30,000, 150000 and 45@M00
80,000

>12200,000 (EC50)
>4,000,000

3,880 to 61950

>2593

100,000
250,000

50,000 to 800000

1to 100

arachidonic acid availability
Increasing concentrations of paracetamol lead to reduction in population
increase rates and decreases population density

Cytotoxiceffects and genotoxic effects resulting in DNA damage at all

concentrations

Lowest concentration tested causedignificant reduction in egg productior
Reducedpopulation growth and number of neonates and an increase in tc
offspring at 26,700,000 ng/L
Reduced population growth

Oxidative stress after 28 days

Alters nerve response to light in skin tissue, mediateddxptonin

Reduction in reproduction
Reduction in reproduction

Increaseseproduction inDaphnia magndetween 50,000 and 400,000 ng/l
before decreasing reproduction at 800,000 ng/L

Increassreproduction

Rotifer Plationus patulus
and water flea

(Moina macrocopa
Freshwater zebra mussel
(Dreissena polymorpha
Water flea

(Daphnia magna

Water flea

(Daphnia longispinoga
Water flea

(Daphnia magna
Freshwater clam
Corbicula fluminea

Pond snail

(Lymnaea stagnaljs
Amphipod Hyalella aztecp
Water flea

Ceriodaphnia dubja
Water flea

(Daphnia magna

Water flea

(Daphnia magna

35

114

90

128

128

129

130

131
131

132

89
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Pharmaceuticahame

Recorded concentrations of sub
lethal effects
(ng/L, unless otherwise stated)

Sublethal Effect

Freshwater invertebrate
species affected

Citation

ANTIDEPRESSANTS
Fluoxetine

100,000,000 and 15300,000

>89000

>32000
(NOEC =470 and EC10 = 810)

20and 200
>10

>30Q000

>3,700 to 100,000

1,000
36,000

30,933

100 to 10000,000

Spnificant change over 24 hours in production of various metabol&essno
acids,and other metabolic products, with significant change in concentrati

for 46% of metabolites

Reduced reproduction

Reduced reproduction and disrupted development

Decreases oocyte and spermatozoan density and at 200ng/L akstsadiol
production. May induce gamete release.

Dual effect, increased ventilation (a sign of stress) at 10 and 100 ng/L an
decreased locomotion at 10,000 and 1,000,000 ng/L

In freshwater musssl(Lampsilis fascioland Lampsilis cardiumj induces
lure behaviour and release of nonviable offspring in females at 300,000 r
and 3,000,000 ng/L, increase maliptio complanataspawning at 3,000,000
ng/L.Elliptio complanatalso bioaccumulatefluoxetine

Transgenerational impacts on reproduction and developmEhtoxetine
alters hormone levels at 33,300 ng/L, decreases fecundity in the first
generation at 100,000 ng/L, andcreases size and length of time until first
spawning in the second generation at 3,700 ng/L. The second generatior
also more likely to die at 33,300 ng/L and 100,000 ng/L. The number of
embryos found in the brood pouch increasd lower concentratios and
decrease at higher concentrations. The same concentrations had no effe

the valve snaiValvata piscinalis
Induces parturition

Increases fecundity

Increase in immunotoxic responses

Increased phototactic behaviour

Reduced starvation tolerance amdmobilisation at the highest

concentration

Freshwater shrimp
(Gammarus pulex

Water flea

(Ceriodaphnia dubija

Mud snail
(Potamopyrgus
antipodarumn)

Freshwater zebra mussel
(Dreissena polymorpha
Freshwater amphipod
(Gammarus puléx
Freshwater mussel
(Lampsilis Fagala, Lampsilis
cardiumand Elliptio
complanata)

Mud snail
(Potamopyrgus
antipodarum

Freshwater swan mussels
(Anodonta cygnepn

Water flea

(Daphnia magna
Freshwater mussel
(Elliptio complanata
Water flea

(Daphnia magna

Water flea

(Daphnia magna

133

134

25

26

61

135

136

22

110

89

137
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Pharmaceuticahame

Recorded concentrations of sub
lethal effects
(ng/L, unless otherwise stated)

Sublethal Effect

Freshwater invertebrate
species affected

Citation

Venlafaxine and O
desmethylvenlafaxine

ANTIEPILEPTICS
Carbamazepine

100 and 1000

>0.313

>234,000 ng/kg

>100

31,400

1000, 10,000, 100000, 1,000,000 and
10,000,000

700and 14000

100to 50,000

25,000,000
1to 1,000

100 to 1,000

Reduced response to light and stimulated aggregation

Causedoot detachment in freshwater snails at concentrations as low as
0.313ng/L folLeptoxis carinatand 31.3 ng/L iStagnicola (=Lymnaea)
elodes

Reduced emergence rate in ndiiting midge

Dual effect on increased ventilation (a sign of stress) at 100 ng/L and
decreasedocomotion at all other concentrations measured up to 1,000,0(
ng/L

Reduced growth and altered sex ratio

Cytotoxicity gillplood, and gastric tissues, with toxicity increasing with leng
of exposure

Immunotoxic effects including incased intracellular esterase activity,
phagocytosisand reduced haemocyte adherence

Oxidative stress;ytotoxicity,and genotoxicity

Increased regeneratian
Increased phototactic behaviour

Reduced response to light and stimulated aggregation

Water flea

(Daphnia magna
Freshwater snailLeptoxis
carinata) and Pond snail
(Stagnicola (=Lymnaea)
elodeg

Non-biting midge
(Chironomus ripariys
Freshwater shrimp
(Gammarus pulex

Nonbiting midge
(Chironomus riparigs
Freshwater zebra mussel
(Dreissena polymorpha
Freshwater mussel
(Elliptio complanata
Freshwater clam
(Corbicula fluminepn
Hydra Hydra attenuata
Water flea

(Daphnia magna
Water flea

(Daphnia magna

138

28

36

19

116

115

110

125

112
89

138
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Analgesics is the broad classification for painkillers which include some of the most used and
available class of pharmaceuticals. NSAIDs are a specific subclass of analgesics which have been
separated out in tfs report due to their specific properties and known environmental toxicity.

Paracetamol (also known as acetaminophen) is a widespreadthe-counter drug. Its effects in
freshwater invertebratesire varied even in related speci®d Effects range fromeducing
population growth to cytotoxic and genotoxic effectaple2). Similarly to NSAIDs, toxicity of
paracetamol increases with time and concentration which results in LC50s being reached over
longer periods of time at lower concentratiolislt is pgudo-persistent in waterways due to its
high level of use. Paracetamol is sometimes wrongly classed as an NSAID in literature.

NSAIDs are common, essential drugs, which are often found in chemical asstsssfrieeshwater.
NSAIDsire a class of analgesics that specifically inhibit the enzyme-ayglgenase (COX) in
vertebrate animals, resulting in artiflammatory effectsTheycan cause sulethal toxicity at
environmentally relevant concentrations irehwater indicator specie3 @blesl and2). NSAID
toxicity is time and concentration dependarior example21-day exposure at lower concentrations
can reach 50% mortality for diclofenac at 2mg/L compared th@#s at 486mg/°. The effects of
NSAIB (and paracetamol) in freshwater invertebratBavebeen reviewed by Parolini (20283

Diclofenads a widely used drug that is commonly foundvaterways globally and found in
relatively high concentrations. It is slow to degrade and difficutetnove using standard water
treatment. It has also been deted in groundwater and, to a lesser extent, in drinking water
(reviewed in Heberer, 200®) Diclofenac is notoriously destructive fesmeavian species through
bioaccumulation from their foodairces 4% Toxic effects in invertebrates have been recorded but
are limited in frequency and species covef®din some UK watdodies it isfound at

concentrations on average 3 or more times higher thanRINEE (see table 1)yet lacks strict
reguation.

Ibuprofenis almost ubiquitousn waterwaysglobally. It is also poorly metabolised lymans
resulting in 50% or more of thariginalcompound being expelled from the body. While relatively
fast to degrade in the environment, its high usage ratsilt in a virtually constant presence in
freshwater. Recent research suggests that ibuprofen could have significant impacts on our
waterways. For instance, in some fish, ibuprofen can cause lasting disruption to reproduction at
levels as low as 100 Ag?3. For the few invertebrate species tested, measured effects for survival,
growth and reproduction tend to occur aboverig/L'25 but most of these studies do not account
for the disproportionately high levels of siéthal effects observed at low, ecolioglly relevant
concentrationsseen with other substancésor in combinationwith other drug$? Algaediatoms,

and cyanobacteria tend to be far more sensitive to ibupréfewhichcouldresult in secondary
effects on invertebrates who rely on these biofilms.

Naproxen is commonly found in waterwastsough to a lesser extent than diclofenac and
ibuprofer. Naproxen has the highest PNEC of all substances addressed in this Itsgorcity is
time and concentration dependaht and its breakdown products can beat16-fold more toxic
than naproxen itseff-C

Antidepressants are neurohormones that work by modulatimgneurotransmitters serotonin,
dopamine and norepinephrine. The systems for these chemicals are evolutionarily aneigmt
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both dopamine and serotonialsoused by molluscs, crustaceans andrepéants. Antidepressants
are known to affect molluscs and crustace®&>which have been used as test organssm
neurological studiefor more than 50 years. Serotonin and dopamine are known to influence:

1 Egg maturation, spawning and other formsreproduction in bivalves (serotonin
increases, dopamine acts against serotonin induced spawring)

1 Reproductive behaviouin the pond snailllymnaea stagnal)ss reduced by serotonin and
embryonic behaviour is alteré

1 Reproductive behaviouin the ramshorn sna{Biomphalaria glabratgis increased by
serotonirp?.

1 Larvaldevelopment in freshwater and marine snails and nudibranstadtered by
serotonin and dopamird.

In crustacea, neurohormones control a variety ofgassesncluding

1 Increasedeproductive development and hatching rates in various crayéisi,and
shrimp speciesRedswamp crayfistiProcambaruglarkii, the White Pacific shrimp
Litopenaeus vannamethe freshwater giant prawrylacrobrachium rosenbgii, the
fiddler crabLeptucapugilator, Blacktiger shrimpPenaeus monodonyvhile in other
species it inhibits maturation (reviewed in Fong & Ford, 2814)

1 Dopaminereduces ovarian and testicular maturationwater fleas fiddler crabs anded
swamp crayfistfreviewed in Fong & Ford, 2024)

1 Serotonininfluences phototaxis and geotaxis behaviour in various crusta;eafiunction
that is manipulated by acanthoceplaal parasites to ensure their current host is eaten by
their next hostC.

1 Serotonin(but not fluoxetine) induces changes in aggressive behaudNoblecrayfish,
(Astacus astacyscausing fights to last longé™.

The influence of antidepressants apps#r be highest at lower concentrations, and effeeary
between specie®>% Low concentrations of these substances naturally found irethéronment
may be more relevant to the impacts of these substances than LC50s and some BINEEDt
values

Fluoxetine ione of the top 5 antidepressants prescribed in England itsuse is steadily
increasing each yeH?. It recurs in literature and is commonlgtécted inwaterways It has also
been shown to have significant sildthal effects in crustacea, bivalves and gastropods (T3ble

Venlafaxine is a commonly prescribed antidepressant that is listed on the 2020 WFDisgtalich
can cause foot detachmeimm freshwater snails at concentrations as low as B8, disrupting
ecology and resulting in inadvertent migration for affected individtfalkhis is well below the
current PNE®alue of 38.35 ng/®.

Carbamazepine is used to tregtikepsy, trigeminal neuralgiachizophreniaand bipolar disorder.
It has been flagged as a chemical of concern due suitdethal effects Table2) and its highly
toxic break down products (in particular acridine, a known carcinogen and mutdgéaan cause
malformations and reduatemergence rates in developing nditing midgesd®as well as alter
behaviourin water fleag®138 In several casesdlso appears to induce effects in invertebrates at
concentrations below the PNEC of 2,500 Ag(Lable 2).
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Steroid hormones are thought to affect the development and reproduction of many different
species of mollusé¥-143 Metabolsm of steroid hormones including testosteromestradiols and
progesterones by molluscs has been documented sincd #6544, so it is logical to think that
these chemicals might haven-target effects outside of vertebrate animals. However, the dffec

of vertebrate steroid hormones in molluscs are highly debated and the necessary pathways and
receptors for vertebrate steroid hormones are currently fragmented or entirely aBsétit Scott
(2013) also suggests that many studies on endocrine distupy@estrogenan molluscs are not

up to standard, and that it is unlikely that vertebrate steroid hormsdeectly affect the

reproductive system of molluscs in any way. Currently, conflicting evidence alongside the absence
of complete endocrine pathwayleave direct impacts on reproduction and endocrine disruption up
for debate’' 143 However,it is still feasiblehat exposure to oestrogens leads naalformationg+®

or causetoxic effects on other systems that indirectly lead to changespmoduction'©2,
Oestrayens(E1, E2 and EE2) are known to feminise male fish at concentrations as low/&%'% ng
At similarly low levels in invertebrates, EE2 alters sexual development and general growth in
molluscs, crustacea and insects, with transgrational effects in several specfé30143

Antibiotics are common in our rivers, relatively stable in the environment and are capable of
bioaccumulationn invertebrates They are used in human medicine, livestock care and in fish
farming. They are a growing focagfreshwater monitoring programmesthe onlyfour
pharmaceuticals on the current WFD waltidt are antibiotics.

Antimicrobial resistancés a particular cause for conceacteria need constantpresence of
antibioticsin the environmentto developand maintainresistanca. In most cases this occurs in
healthcare situation®r intensive farming where there is constant use. Otherwise, resisteace
occurin bacteria living inpeople and animals who do not complete courses of antibiotics. If
antibiotics are present in thenvironment,it is more likely fomultiple resistanceto occur in
bacteria outside high use settings at greater frequency.

Several antibiotics are addresbk this review:

A Macrolide antibiotics (erythromycin, clarithromycin, azithromy@n commonly
prescribed and pervasive in the environment. Macrolides are considered to be the most
environmentally toxic antibiotics, especially erythromyéit

A Trimethoprim andsulfamethoxazole arevo antibiotics often used together to treat
various infections

A Amoxicillinis a beta-lactamantibioticused in the treatment of various infections in
humans and animals

A Ciprofloxacins a fluoroquinolonantibioticand a last resort antibiotic for treating

serious infection

It has been suggested that length of exposuether thanincreases in concentration, is the major
factor in chronic toxicity effectd’.

Some studies suggest that antibiotics are more detrimaétd photosynthetic specieshen
compared to crustaceans and rotigeiForexample for the algaePseudokirchneriella subcapitata
the EC50 for growth inhibition was 0.02 and 0.002 mg/L for erythrongrinclarithromycin
respectively comparetb 0.22mg/L and 8.16 mg/In the crustacearCeiodaphnia dubid®*.
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There is evidence that antibiotics disrupt microbial communities and alter the ecosystem services
they can provide, includinthe breakdown of other pollutants®. This is likely the most importan
route of effect for invertebrates because changes in the microbial community will change
availability of nutrients for detritivores. Ciprofloxacin fxampleappears to have little to no effect

on freshwater macroinvertebrates, but significantly dissihe fungal community. This changes

the quality of diet of freshwater shrimps and affects their feeding and growth t&teBhe authors
suggest that whether the effect is positive or negative on the growth and food consumption of the
shrimp likely depensl on the microbial community which varies with time and locatlardudies

for ciprofloxacin (the only antibiotic addressed in this report with these data) impacts are usually
found in the microbial community, but not in the macroinvertebrate communftgtoeams, and
effects are usually found at relatively high concentrati§fs*&150, Ciprofloxacin has also been
observed to disrupt nematode communities in marine sedim&its

One area for concern for insects asfdem immediate toxic and chronic efé¢s is the impact on
bacterial communities that live inside themmsectmicrobiotaareincreasingly recognised as
incredibly important aspect of insect biology. An estimated 50% of insects are thought to harbour
symbiotic bacteria that live in theirgsues and can be inherited between generatiéhsThese
bacteria can play hugely important roles in regulating reproduction, protection from natural
enemies, or processing of nutrieAt&16, Most knowledge of symbiotic bacteria comes from
terrestrial invertebrates because freshwater invertebrates currently lack the breadth and depth of
research into their symbionts. However, recent studies suggests that symbiotic bacteria are
similarly common in freshwater. Several speciedaybnectid water beetle, mige,dragonfly,and
damselfly have all been found to harbour symbiotic bacteria though their purpose is not yet
knownt>7%159,

In research, antibiotics like rifampicin and tetracycline are routinely used to cure insects of their
bacteria toinvestigate their effect$®. In some cases, a lack of symbiont can result in sterilisation,
accelerated death rates from the absence of vital nutrients or, in one case, the restoration of the
missing sex in asexual speéf@dt3 These methodsisuallyuse relatively large doses that are not
relevant to environmental concentrationsnless they are aiming for a partial cuaad specifically
use antibiotics that affect the insebbstas little as possible

Despite this, very little literature exists ondleffects of antibiotics on invertebrates in general,
especially for freshwater invertebrates. The studies that do exist all use concentrations well above
what is found naturally in the environment. It is possible that the direct impacts on invertebriates a
low concentrations are negligible, as observed for ciprofloxacin, but unfortunately for most
substances there is not enough literature available to conclude either way.

Betablockerscan interactwith molluscan hormone systems. They Wwday interfering with the
NEOSLII2NBE 2F ySdzNP{ 2 adrédérdic signalimlypayivigs Ay @2t SR

Propranolol is a betédlocker commonly found in freshwater that is capable of blocking serotonin
aAGSa I yR AadrédeidicSiptalihg@phwiagsinkmollusééd ¢ -Kdsendrgic and
serotonin pathways haveeveralvital roles in developmentehaviour,and reproduction in
invertebrate$!130.131,165
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6 ¢ Examination of CIP2 data

The 18 pharmeeuticals discussed in this review were based on their inclusion on WFD hggch
whether they were considered a potential risk in CIP2, or their frequency of occurrence in scientific
literature. Of the 18 substances discussed in the review, 12 wehgdied in CIP2 sampling

alongside the metabolites of two of the substances (T&pld@hese 14ubstances were examined

for their patterns of prevalence in the environmeindbm availableCIP2 data.

Table3. the 12 pharmaceuticals and twoetabolitesaddressed in this section

Class Pharmaceuticals Metabolites
Antibiotics Azithromycin
Clarithromycin
Erythromycin Norerythromycin
Ciprofloxacin
Beta-blockers Propranolol
Steroid hormones Oestrone (E1)

17-beta oestradiol (E2)
17-alpha ethinyloestradiol (EE2)

Non-steroidal Diclofenac

anti-inflammatory Ibuprofen

Anti-epileptic Carbamazepine 10,1%epoxycarbamazapine
Anti-depressant Fluoxetine
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| KSYAOItE O2yOSYyUuNrGA2Y @l fdzSa 4SNB 206GFAYSR T
programme (CIP2). This programme addressed the chemical concentrations in WWTW processes
and receiving waters. Differences in data quality are discussed below. Clficafig targeted

treatment plants where there were concerns, to pinpoint problem plants and examine worst case
scenarios. As such, it does not necessarily reflect UK wat®8\6FWsas a whole.

Data for England and Wales was retrieved from the UKWiRpmtatal6, and Scottish data was

obtained on request from Scottish Water. Technical details of data collection for UKWIR CIP2 can be
found in Combers et al (2018) and UKWIR (2018), or on the UKWIR data portal {#el@iR? data
collection in Scotland followed the same methods but adopted different minimum required Levels

of Detection (LOD) and carried out data collection in a different timeframe.

Data was filtered for WWTWSs with more than 100 datapoints per samfggajion to remove sites
that were not sampled for the full duration of the study. Across the combined datasets there was
an average of 502 data points per pharmaceutical@erbodiesand an average of,460 data

points per pharmaceutical in WWTW samples

Scotland CIP2 data covered 20 WWTWs and consiste856 &nd 219 data points for influent
and effluent values respectively;890 and €34 for upstream and downstream data; and an
average of 484 for individual pharmaceuticals per sample locatiathéfnudescriptive data can be
found inTable4.

The number of datapoints per WWTW covered in UKWIR data varied between pharmaceuticals at
45 (EE2), 50 (E1 and E20), and 51 (all other substances) with a totdl4f 48d 13101 for

influent and effluent alues, respectively. The full data set for upstream and downstream
pharmaceutical concentrations will not be available until March 2022, so unfortunately this cannot
be included in these analyses.

UKWIR CIP2 data has previously been assessed for remitsiahefes of WWTWs in England and
Wales by Comber et al (2018)Comber et al (2018) also attempted to predict instances where
wastewater treatment plants mighead todownstream contamination from influent and effluent
concentrations compared with avable wastewater dilution data. They do not assess the upstream
and downstream data itself due to these data being unavailable. These analysealseere

examined in the UKWIR repétt

Concentrations across sample locations were compared in relation to the PNEC values listed in
Tablel®d / 2y OSY(iUNY GA2Y YSI &Adz2NEYSyia gSNBE OflaaSR |
was more than the PNEC. Where two or more values exist for a BNB&IZY reports and

legislation, the lowest igsed

Statistical analysis wagplied to all CIP2 Scotland data and to influent effiient data for UKWIR
CIP2 Data was nomormal and overdispersed, so a GLM with a negative binomial link function
wasapplied with stats modé$”in python 3.7%using the minimum effective model of:

YOO & @ £ & Q& 0mOCHY (E ROGEQD & QE &
Concentrations upstream and downstream of WWTWs for all available data were directly

compared to visualise the influence of WWTWSs on pharmaceutical concentratinestnvaters
All data is from the Scottish data sahdwas filtered for upstream and davgtream
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concentrations collected on the same di#ngn marked for breaches of the safety limits.
Concentrations were plotted against each other with SeaB8rn

Influent and effluent concentrations in Scottish and UKWIR data was compared at each WWTW for
each pharmaceutical to examine the variation in removal success and to assess the number of
breaches of PNECs across the RIKEQvould normally be measured at the WFD Classification
sampling point so these results will showvarst-casescenario of wateguality. Theaverage of

each WWTW influent and effluent concentration was plotted against each other.

Level of Detection (LOD) varies between the two data sets. Each data set was treated separately
according to their own LODs during cleaning and preparafoy.value marked as falling below

the LOD was taken to be half the LOD for data analysis purposes. Where data is combined, the
lowest LOD is indicated on figures. Unfortunately, these LOD values do not always reflect the true
LOD values and in some caappear to be substantially higher than those used by the laboratory
that tested the water samples. Original LOD values used in CIP2 can be féypmendixl.

Maps were drawn in python using geopandas and matpfflif®17! UK river bain boundaries
were obtained fronS I OK O2 dzy 1 NB Q& "B aLISOGA DS 6So0arisSa

Risk quotientsfor each substancat a given sample locatiomascalculated from median
concentration valuefor each WWTWdivided bythe PNECFor each substance, thesk quotients
for each WWTWvere plotted on a map of the UK.

CIPZScotlanddata demonstrated a general pattern of concentrations of: influent>effluent>
downstream>upstrean(table 4). UKWIR CIP2 followed similar trend for effluent and influent.

https://doi.org/10.6084/m9.figshare.16628968.v2

The change in concentration between upstream and downstream values indicates the level of
impact WWTWs have on surface water contamination. In the Stotlata, the increase in
concentration between upstream aragbwnstream shows that WWTWSs coitiute significantly to
increased downstream pollutiofthough notalwaysabove the PNEC valu®y 7 of 14 substances
(p = 0.005 to p<0.001 for eaclg)arithromycin, erythromycin, ibuprofen, diclofenac,
carbamazapine, 1Q1-epoxycarbamazapine, propranol@ee Figure 3)

The impact of WWTWs is further illustrated in Figure 5, which shows that the concentrations
downstream of WWTWs tend to be higher than upstream values on the same day, and are more
likely to exceed the RECThis agrees with predictions from UKWIR effluent data by Comber et al.
(2018) that WWTWs can pose a significant risk of downstream contamination for chemicals like
ibuprofen and diclofenac.

Some chemicals do not follow the trend of increasing coneiuins between upstream and
downstream.Azithromycin shows a strong correlation for high concentratiooaurring

downstream (Figure 5), but is only very weakly higher than upstream values (p = €D8B2, EE2
and norerythromycin show no statisticalfiérence between downstream values and upstream
concentrations suggesting WWTWSs have little impact on surface water concentrations for these
substances.
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Removal rates are poor in many examples and vaoyranusly between WWTW and substance
and in several cases, pharmaceuticals increase through some W\¥ig\ies 3, 4 and 6A\cross

all Scottish samples, the median concentrationdarbamazepin@and norerythromycin increases
between the influent and efflent (Figure 3, table 4Y.he slight but significant increase in
carbamazepine from a median of 304 ng/L in influent to 429 ng/L in effluent agrees with recent
literature on similar small increases in this chemical through municipal wastewater treatfhént
the UKWIR datapoxycarbamazepine showssignificant overaltiecrease while carbamazepine
shows no significant change (Figure 4)

At several individual WWTWs across the UK we also see increases in steroid hormone and
propranololconcentrations (Figure 6). Norerythromycin and the three steroid hormones are known
breakdown and transformation products of erythromycin and steroid hormones. Different
conditions and bacteria will breakdown and alter pharmaceuticals in different waysrstions in
WWTW function may favour the production of certain products. This may explain the increases in
substances through some treatment plants and reductions through others.
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Table4. Summaryata for all data for each substance in Scottish and UKWIR datasets

ScotlandCIP2Data Downstream Upstream Influent Effluent

Media  25th 75th Media  25th 75th Media  25th 75th Media  25th 75th

n percentil  percentile Coun n percentil  percentile Coun n percentil  percenti  Coun n percentil  percentil
Pharmaceutical Count (ng/L) e (ng/L) (ng/L) t (ng/L) e (ng/L) (ng/L) t (ng/L) e (ng/L) e (ng/L) t (ng/L) e (ng/L) e (ng/L)
10,1%kepoxyCarbamazepine 488 31.6 5.25 69.325 469 0.1 0.1 12.3 481 193 56.7 369 490 276 143.25 410.75
17-alpha ethinyloestradiol
(EE2) 527 0.015 0.015 0.05 510 0.015 0.015 0.015 511 0.15 0.15 0.35 525 0.12 0.05 0.29
17-beta oestradiol (E2) 508 0.15 0.15 0.425 487 0.15 0.15 0.15 424 10.1 5.575 15.625 500 0.4 0.15 1.7
Azithromycin 489 6.4 2 16.4 472 0.1 0.1 1.525 482 70.15 8.375 181.75 489 67.7 23.8 158
Carbamazepine 489 56 15 132 472 3 0.5 26 482 304 131 536.5 489 429 221 666
Ciprofloxacin 481 1 1 5 464 1 1 1 470 196.5 58.5 469 483 28 11 56.5
Clarithromycin 489 62 26 131 472 6 0.5 32.25 481 409 130 851 489 475 238 739
Diclofenac 489 32 12 70 472 3 1 15 480 3325 133 644.25 489 208 119 340
Erythromycin 489 50 10 100 472 5 5 20 456 315 90 742.5 488 370 140 660
Fluoxetine 489 6.5 3 14.2 472 0.4 0.1 2.025 482 121 62.5 197 490 66.65 34.1 107.75
Ibuprofen 492 37 14.75 106.5 476 16.5 25 46 487 8,510 4,325 13,300 492 66.5 7 384.25
Norerythromycin 488 1 1 3.25 471 1 1 1 407 1 1 1 482 16 5 33
Oestrone (E1) 527 0.7 0.3 2.2 509 0.3 0.3 0.7 432 21.9 11.7 33.325 523 3.3 0.7 12.6
Propranolol 489 31.2 13.5 63.4 472 1.75 0.1 12.85 481 187 93.3 317 490 249.5 161.25 366.75
TOTAL 6,934 6,690 6,556 6,919
UKWIR CIP2 data Influent Effluent

25th 75th 25th 75th
Median  percentil  percentil Median  percentil  percentil

Pharmaceutical Count (ng/L) e (ng/L) e (ng/L) Count  (ng/L) e (ng/L) e (ng/L)
10,1*epoxyCarbamazepine 971 150 50 360 992 110 50 263.5
17-alpha ethinyloestradiol
(EE2) 574 0.37 0.24 0.54 646 0.13 0.07 0.25
17-beta oestradiol (E2) 947 13.9 10 20 728 0.3 0.15 14
Azithromycin 970 250 118 510 993 200 88.7 369
Carbamazepine 971 501 308 780 993 610 394 810
Ciprofloxacin 961 570 240 1290 981 80 32 200
Clarithromycin 971 900 433.5 1680 993 360 190 650
Diclofenac 972 450.4 261.5 730 992 290 173.75 420
Erythromycin 965 580 305 980 990 330 150 530
Fluoxetine 971 80 50 130.5 993 44.5 30 70
Ibuprofen 968 16,450 10,300 23,125 988 20 5 310.75
Norerythromycin 967 50 26.5 80 991 50 25 50
Oestrone (E1) 969 40 25 56 828 5 1 12.045
Propranolol 970 224.5 130 380 993 162 110 234
TOTAL 13,147 13,101
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Figure3. Concentration
across all values in
micrograms per litre on
a logarithmic axis for
each sampling location
(upstream, mfluent,
effluent and
downstream)and
pharmaceutical.Each
group has an average of
n=500. specific n
_ number can be found in
Table4. Significance
values for a GLM with a
negativebinomial link
] _ function are plotted as
follows: *** = p<0.001,
**=p<0.01, *=p<0.05.
Limit values are shown
as follows: red solid line
= PNE@ndblack
dotted line = LODBoX
plots illustrate the
median (centre line), the
interquartile range (the
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Figure4. UKWIR CIP2
Concentration across all
values in micrograms
per litre on a

logarithmic axis for each
sampling location and
pharmaceutical.
Average Sample size for
influent/effluent is
n=937.Significance
values for a GLM i a
negative binomial link
function are plotted as
follows: *** = p<0.001,
**=p<0.01, *=p<0.05.
Limit values are show as
follows: red solid line =
PNE®Ilack dotted line =
LOD. Box plots illustrate
the median (centre line),
the interquartile range
(the box), the maximum
and minimum values
that are within 1.5 times
the interquartile range
(the whiskers), and
outliers that are outside
1.5 times the
interquartile range
(diamonds).
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Figure5. Correlation of
upstream and
downstream
concentrations for
Scotland CIP2 samples
(average n = 500The
diagonal dotted line
indicates the expected
line of fit if there were
no difference between
them. Above this line
indicates greater
contribution by the
WWTW, below this line
indicates greater
cortribution by an
upstream source. Each
point represents an up
and downstream
concentrations at a
given WWTW on the
same day. Orange
indicates values where
the up or downstream
value is higher than the
PNEC for that chemical.
The black dotted line
indicatesthe LOD
provided for Scottish
data.
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